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To my Dad...
Summary
Millimetre wave beam and polarization reconfigurable antennas for future wireless com-
munications are investigated in this thesis. The millimetre wave frequency spectrum
has recently attracted large attention from researchers and the industry of wireless com-
munications. Millimetre wave frequencies is considered to be the frequency spectrum
between 30 GHz and 300 GHz. However, the industry considers the spectrum above 10
GHz as millimetre wave, due to the fact that it shows similar propagation character-
istics with the spectrum above 30 GHz. The aforementioned spectrum of frequencies
offers a lot of advantages compared to lower frequency spectrum, due to the fact that
it offers large and mostly unexploited bandwidths. The need for very high data rates,
in future wireless communications, increases the need for bandwidth. Millimetre wave
frequencies can be used to fulfill future bandwidth demands.
Although millimeter wave frequencies offer several advantages and good potential for
future wireless communications, they also impose several challenges. This thesis dis-
cusses the need for highly directive and beam reconfigurable antennas for such high
frequencies. It also discusses how an antenna design can benefit from being circularly
polarised for several wireless communication applications and how antennas for future
wireless communications must be able to reconfigure several parameters, without com-
promising the performance, cost and size, giving the flexibility to a wireless terminal
to operate in several different modes.
This thesis proposes novel reconfigurable antennas for portable devices, which can be
used at millimetre wave frequencies, and which offer high gain, wide steering range, low
scan loss and multi-parameter reconfigurability; essential characteristics that antennas
designed for future wireless communications should offer.
Key words: phased array antennas, circular polarisation, beam reconfigurable anten-
nas, polarisation reconfigurable antennas, millimetre wave frequencies
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Chapter 1
Introduction
1.1 Overview and Motivation
Demand for cellular data has been growing at a staggering pace. Emerging applications
like real-time wireless transmission of high-definition (HD) video require transmission
rates of more than 1Gbps. To address the demand for data, there has been growing
interest in cellular systems operating in the millimetre wave frequency bands, where
the available bandwidths are wider than those used by today’s cellular networks. At
millimetre wave frequencies there is a large amount of mostly unexploited spectrum.
Additionally the very small wavelength, at millimetre frequencies, enables a large num-
ber of antenna elements to be placed within a small area. These multiple antenna
systems can be used to form very high gain, electrically steerable arrays.
Although millimetre wave frequencies offer many advantages and great potential for
future wireless communications their use also brings several challenges, including much
higher free-space path loss compared to that associated with lower frequency bands.
This is expected since the path loss increases quadratically with frequency. Hence,
it is challenging to use millimetre wave frequencies for long range communications or
for scenarios where the receiver or the transmitter is moving, since the signal can get
obstructed.
The motivation for this research is to develop novel antenna designs for future gener-
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2 Chapter 1. Introduction
ations of high data mobile cellular networks. Reconfigurable antennas that have the
ability to radiate waves in more than one steering angle and polarisation are very im-
portant for future wireless communications since they can improve the signal-to-noise
ratio of a system. The thesis focuses on developing novel, high gain antennas capable
of steering their main beam for the purpose of ensuring a connection at all times when
there is user mobility or routing signals around obstacles, while maintaining low side
lobes and low scan loss. Circular polarisation is also exploited. The polarisation of
incoming waves is altered when a signal reflects off objects within the environment. In
order to mitigate for polarisation mismatch between the received signal and receive an-
tenna, circular polarisation is employed by the antenna designs presented in this thesis.
Antenna solutions with beam and polarisation reconfigurability (linear and circular)
are also proposed in the thesis. Phased array antennas find major application in cases
where it is desirable to steer the beam electronically. Their advantages are well under-
stood. The major problems encountered when working with conventional phased array
antennas are their limited steering range when relatively few antenna elements are em-
ployed and the requirement for one phase shifter per antenna element which results in
high complexity, high power consumption and hence heat dissipation and high cost.
Furthermore, conventional phased array antennas offer limited bandwidth and sugger
from scan loss. This research aims to propose an alternative to conventional phased
array antennas that can provide wide beam steering using a relatively few antenna ele-
ments. Furthermore, conventional phased array antennas are mostly linearly polarised
which limits their performance (especially when considering a real world applications).
This research aims to also propose a low profile, low cost antenna with polarisation
reconfigurability in combination to beam reconfigurability.
1.2 Research Questions
The main objectives of this work are summarised below, in the form of a series of
research questions:
• Is it possible to improve the steering range of a phased array antenna without in-
creasing the number of phase shifters and without compromising its while keeping
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the side lobe level low and scan loss low?
• Is it possible to improve the scan loss within a phased array antenna without
compromising its steering range and side lobe level?
• Is it possible to design a high gain, low profile and low cost antenna which enables
independent control of its main beam direction and polarisation?
• Is it possible to design a circularly polarised phased array antenna having a single
feed (low complexity, low profile, low cost) having adequate axial ratio bandwidth
for millimetre wave frequency cellular mobile network applications?
• Is it possible to preserve CP radiation at any steered angle using a low profile,
low cost antenna?
1.3 Key Contributions from this PhD Work
• Design, development and manufacturing of a phased array antenna which uses
pattern and array factor reconfiguration. In contrast to previously reported de-
signs [47], [48] the novel antenna offers:
– Higher gain throughout the steering range
– Improved scan loss
– Wider steering range
– Capability of 3-D beam steering
• Comparative analysis between the novel antenna with a conventional phased array
antenna in terms of side lobe level and gain throughout the steering range.
• Development of design rules which give the flexibility to design the antenna at
different operating frequencies.
• Design, development and manufacturing of a single feed microstrip patch antenna
with beam steering ability and polarisation reconfigurability (linear - circular).
In contrast to previously reported designs [52], [89], [105] the novel offers:
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– High gain throughout the steering range
– Capability of 3-D beam steering
– Capability of reconfiguring between right hand and left hand circular polar-
ization
– No need for external polariser
• Design, development and manufacturing of a phased array antenna with beam
steering capability and polarization reconfigurability (linear circular) while using
a single feed and which offers:
– Wide steering range
– High gain throughout the steering range
• The design of a microstrip patch antenna that can steer its beam and reconfigure
its polararisation (linear circular), while preserving circular polarization for some
steering angles and using a single feed
– High gain throughout the steering range
– Capability of 3-D beam steering
– Capability of reconfiguring between right hand and left hand circular polar-
ization
– No need for external polariser
– Circularly polarised for some steering angles
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1.5 Thesis Outline and Organisation
The remainder of this thesis is organised as follows, Chapter 2 summarises the litera-
ture review which has been conducted in order to understand potential opportunities
and challenges associated with millimetre wave technology. The difference between
analogue, digital, hybrid beamforming technologies together with their main challenges
are also presented. Chapter 2 summarises the state-of-the-art of beam-steerable array
antennas for portable devices, and array antennas providing circular polarised radia-
tion. The chapter also presents the main challenges and drawbacks of state-of-the-art
designs, for this application. Chapters 3 and 4 present new research which address
the research questions, detailed above. Chapter 3 serves as a poof-of-concept since it
presents the proposed array antenna with initial simulation results. It also serves as a
stepping stone for analysing and measuring the antenna as seen in Chapter 4 describes
a novel array antenna design which offers wide angle beam steering while keeping low
side lobe level and low scan loss, in comparison to a conventional phased array antenna.
It gives technical insight in the operation of the antenna, by presenting design rules that
can also be used to re-design the antenna to be operating at other frequencies. It also
gives insight into how the operation of the antenna was validated through not only sim-
ulations but also measurements. Chapter 5 describes a novel microstrip patch antenna
which can reconfigure its polarisation (between linear and circular) and can reconfigure
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its beam direction independently, while keeping low side lobe level and low scan loss. It
also presents a novel antenna which can reconfigure its beam direction while preserving
circular polarisation for some steering angles and a phased array antenna which can
reconfigure its beam at wide steering angles while preserving circular polarisation for
some steering angle and while having a wide operating bandwidth. Furthermore, they
give detailed technical explanation on the operation of the proposed antennas which
also gives more insight on pattern and array reconfiguration, beam steering using par-
asitics and polarisation reconfiguration using tuncations and parasitics. An insight to
the challenges involves when designing these types of reconfigurable antennas is also
given in this thesis. Chapter 6 presents the conclusions. It also discusses possible future
directions for this work.
Chapter 2
Background on Array and Beam
and Polarisation Reconfigurable
Antennas
Current generations of mobile communication networks (e.g. 4G LTE) operate from
300 MHz to 3 GHz which accounts for only about 1% of the total amount of regulated
spectrum in the UK [97]. The cellular industry has focused on this frequency range
because the wavelengths are short enough to allow for small antennas that can t in-
side mobile handsets but still long enough to bend around or penetrate obstacles, such
as buildings and plant foliage. Even with low power transmission, waves within this
frequency range can travel for several kilometres. However, this area of the frequency
spectrum is highly saturated and not eciently used. The use of smart-phones, tablets,
smart-TVs as well as the number of users streaming videos and browsing the internet
while they are moving has resulted in ever increasing demand for mobile data. Accord-
ing to a study by Cisco, the total volume of mobile trac doubles year-on-year. Engineers
introduced several advanced concepts within 4G/LTE mobile cellular networks, such
as multiple antennas, small cells and smart coordination between devices. However,
4G/LTE networks are reaching the limits of their capabilities in terms of data rate and
user capacity. New frequency spectrum is required, in order to meet the high data rates
demanded by users [98].
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Studies have shown that millimetre wave (mmW) frequencies could be used for mobile
wireless communication applications. The (International Telecommunications Union)
ITU have dened mmW as the band between 30 GHz and 300 GHz. However, the in-
dustry typically also considers the mmW band to include the neighboring superhigh
frequency band, ranging from 10 - 30 GHz, since the waves of this band propagate
similarly to mmW [95], [97]. MmW frequencies offer wide and mostly unexploited
tranches of bandwidth, as mentioned earlier. This will enable operators to provide oer
one hundred times the data capacity available from 4G/LTE systems. Until recently,
researchers have overlooked the mmW bands, because the necessary radio components
at these frequencies are expensive, and cost is an important factor to consider when
designing for portable devices. Also it was believed that radio waves would travel
poorly between handsets and base stations (BS) due to the high atmospheric absorp-
tion and high path loss that these frequencies experience. However, recently, many
researchers have started investigating mmW frequencies, and it has been proven that
mmW frequencies can be utilised for future mobile communications.
Furthermore, typically, a smart mobile handset has to be able to support a range of
dierent radio services (e.g. Bluetooth, Wi-Fi, RFID, etc.). Generally this is achieved by
using a combination of single and multiband antennas. However, due to the relatively
large guided wavelength, at frequencies below 6 GHz, it is a challenging task to place
several antennas within a single mobile handset, while achieving low mutual coupling
between them. For the same reason and due to the Harrington limit it is also challenging
to design a small sized, high gain antenna for use within small devices operating at low
frequencies. One of the advantages of operating at mmW frequencies is the relatively
short guided wavelength, which enables a small sized mmW antennas to be incorporated
within a handset or any other small portable device. Furthermore, the opportunity to
design small and compact antennas, gives the ability to employ multiple antennas in
a small area. Hence, array antennas can be employed in portable device applications
to form highly directional beam pattern with the potential for beam steering. MmW
frequencies make it possible even for an entire mmW radio to be packaged on a single
CMOS chip due to the very sort wavelengths. Such high gain antennas in combination
with beam steering can almost completely compensate for the loss due to the use of
9high frequencies [55]. Numerous current and future mobile network applications involve
exchanging very large amount of data wireless between devices and machines rather
than merely between devices and BS. For this reason, many high-end devices have
already started to include wireless chip sets based on one of two mmW standards,
namely: Wireless Gigabit (WiGig), and Wireless High Denition (Wireless HD). Both
of these standards operate at a frequency of approximately 60 GHz [97].
There are many challenges that mmW frequencies have and one of them is that it
forces the use of very directional antennas due to the high path loss experienced by
radio waves at these frequencies. The high path loss, as shown in [103] and [92] does
not allow the signal to travel far. A directional antenna can improve the link budget or
maintain the same link budget with a lower transmit power. The latter yields a longer
battery life for battery based devices. Furthermore, the authors in [75] showed that the
relative power consumption of wireless devices improves as the RF bandwidth increases
which motivates the use to mmW frequencies where spectrum is widely available.
Due to the need for highly directional antennas, at mmW frequencies, beam-steering
will be essential in order to maintain a communication link between two nodes that can
move with respect to one another. The device must be able to re-direct the signal to
the transmitter, using beam steering, in case the link is obstructed. Furthermore, due
to this narrow beam requirement, antenna arrays with either beam steering capabilities
or beamforming (BF) algorithms are required for user tracking and to allow the mobile
terminal to be able to move freely within the cell coverage, since the narrow/pencil
beam does not provide enough coverage to cover user mobility (in comparison to omni-
directional antennas). This section of the thesis provides an overview of available
BF techniques at mmW frequencies while presenting their differences, advantages and
disadvantages based on the considered application scenario (i.e. portable devices).
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2.1 Propagation Characteristics at Millimetre Wave Fre-
quencies
Before developing a good antenna design, it is important to rstly understand the propa-
gation characteristics within the targeted operating frequency band. Many researchers
have performed thorough propagation measurements aiming at understanding the prop-
agation characteristics of radio waves at mmW frequencies. Based on the available
literature the mmW frequency bands that most researchers have focused on are: 10
GHz, 28 GHz, 38 GHz, 60 GHz, 70 GHz, 80 GHz and 90 GHz. Cellular communication
engineers have specically focused on the 10 GHz, 28 GHz, 38 GHz, and 60 GHz [73].
These bands were proven to be viable for cellular systems by several research groups,
for example The University of Austin, Texas [7] [54], [132], [96], [10], [108], [115] and
Samsung Electronics Co. [103], [42]. The simulated and measured results, reported in
the aforementioned studies and in [103], show the feasibility of considering mmW for
cellular access links. Furthermore, the 26 GHz band has recently attracted research
activity due to the fact that, the 28 GHz has been recently allocated to satellite and
radar communications for Europe and there is a high possibility that the 26 GHz will
be allocated to cellular communications according to Ofcom (instead of the 28 GHz
band).
Choosing a suitable mmW operating frequency band is another challenge that needs
to be addressed. The suitability of a frequency band for a particular application can
be assessed by considering: the availability of the frequency band, the radio wave
propagation characteristics, the interaction between the electromagnetic signals and
the user and the licensing characteristics of the band. Licensed spectrum is expensive
but inherently interference-free. Unlicensed spectrum is free, however users operating
in unlicensed spectrum are likely to interfere with each other. It is important to note
that licensing characteristics vary depending on the region of the world. This section
aims to discuss the propagation characteristics of 28 GHz, 38 GHz and 60 GHz, since
these are the candidate bands for cellular communications. It is important to note that
the propagation characteristics of 28 GHz also apply for the 26 GHz band.
The 60 GHz band has attracted interest for cellular radio access and portable devices
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[91], [16], [46], [77], [68]. One of the reasons why is the fact that in the 60 GHz band
there is less concern about human exposure to electromagnetic signals because, in this
frequency range, the human body predominantly behaves as a reector. According to the
European Commissions Scientic Committee on Emerging and Newly Identied Health
Risks, the 60 GHz band is a candidate for applications like multimedia streaming for
high denition video and audio, as well as latency free gaming and hence portable de-
vices. Furthermore, researchers have shown special interest in the unlicensed 60 GHz
band due to the severe atmospheric attenuation which characterizes it which allows for
a higher factor of frequency reuse [99], [16]. This improves security between the cell
and reduces data theft by devices attempting to eavesdrop on nearby transmissions [46].
Within the indoor environment 60 GHz signals suer from an additional 20 dB of free-
space path loss compared to the 802.11 Wi-Fi (2.45 GHz) band which is conventionally
used in an indoor environment [7]. For the 60 GHz indoor case, the main propagation
mechanisms are first and second order reflections. When the channel is characterized
by impulse responses, the first impulse corresponds to the line-of-sight (LOS), which is
the dominant propagation mechanism for signals in the 60 GHz band. The first and
second order reflections correspond to the first and second impulse responses after the
LOS impulse response. Multipath is also significant due to the relatively short path
lengths. The relatively short path lengths along with the high reflectivity of objects
within the indoor environment leads to strong multipath. For this reason the amount
of channel dispersion is smaller than that encountered at lower frequencies. However,
in any outdoor environment there is limited multipath associated with a signal at 60
GHz. This implies that it is difficult to achieve full mobility particularly where this
involves non-line-of-sight (NLOS) radio wave propagation. Furthermore, the channel
delay spread is smaller than that associated with legacy systems. The channel delay
spread is a measure of the multipath richness of the communications channel. The lower
the channel delay spread, the greater the communications channel multipath richness
There are some comprehensive measurement campaigns reported in the literature which
show the channel delay spread for different environments. According to [128] the RMS
channel delay spread was found to be 11 ns for the LOS case at 60 GHz. The measure-
ment was conducted within a typical conference room. Similarly, measurements taken
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at 60 GHz, in a typical empty meeting room, using a transmit and receive waveguide
antenna showed that the RMS channel delay spread to be 0.66 ns, in the case of LOS,
and 1.10 ns in the NLOS case.
The 28 GHz band (21.65 GHz to 29.5 GHz) has been considered to be a suitable for
future cellular communications [45], [25], [54], [86], [38] [37] as mentioned previously.
According to [17] it has already been allocated for applications in UWB radar and
communication systems in some parts of the world. The 28 GHz band showed good
signal penetration for some common building materials. For example, these frequencies
penetrate drywall and clear glass without losing much energy [97]. However, they are
completely blocked by brick, concrete and heavily tinted glass, therefore operators will
need to consider installing repeaters or wireless access points to ensure good outdoor-
to-indoors coverage. In outdoor environments, it has been shown that reflection is the
dominant propagation mechanism. Generally, according to [133] measurements in and
around buildings show that outdoor building materials are excellent reflectors at this
frequency as compared to indoor building materials that are less reflective. The high-
est reflection coefficient of 0.896 was measured for tinted glass. Furthermore, it was
shown that penetration loss depends on the number of obstructions and the distance
between the transmitters and the receiver. The higher penetration loss was found to
be 45.1 dB, which corresponds to 3 interior walls and a 11.39 m separation between the
transmitter and the receiver. In this frequency band, the reflective surfaces, allow radio
waves to be contained within a building. This reduces co-channel inter-cell interference
that could leak outside the building. This suggests that high frequency reuse between
indoor and outdoor networks is possible. However, as mentioned earlier, repeaters will
likely be required to ensure outdoor-to-indoor coverage. Otherwise a handover mech-
anism between different radio access technologies (RATs) should be employed when a
use moves from an outdoor to indoor environment or vice versa. The authors in [84]
have presented outdoor radio wave propagation results for a 28 GHz, high mobility en-
vironment. The measurements involved Massive MIMO beamforming combined with
spatial multiplexing and it was shown that a throughput of 3.77 Gbps was achieved.
The measurement used a BS fitted with a 96-element array antenna along with a mobile
terminal fitted with an 8-element array antenna, as shown in [15]. The measurement
2.1. Propagation Characteristics at Millimetre Wave Frequencies 13
campaign showed that using the 28 GHz band together with a beamforming technique
(which is another enabling technology for 5G) is feasible for use within outdoor, high
mobility environments, for cellular communication. According to [10], attenuation due
to very heavy rainfall, at 28 GHz, results in an attenuation of 7 dB/km. The authors
however, claim that if the cell sizes are about 200 m in radius, this attenuation will
reduce by 80%. The rain attenuation for a cell with a radius of 200 m is 0.6 dB at 28
GHz which can be mitigated with proper link design (for example by properly choos-
ing the gain of the antennas) [10]. According to [10] and [94] the rain attenuation at
28 GHz will not be significant enough to prohibit use of millimetre wave frequencies.
Furthermore, the overall atmospheric attenuation at 28 GHz is 0.012 dB/200 m, which
is comparable with the value associated with conventional cellular bands [108]. The
employment of highly directive and beam steerable antennas can mitigate these chal-
lenges and hence this frequency band has proven to be a good candidate for cellular
communications. However, there are a few questions that need to be addressed related
to the 28 GHz frequency band. According to [37] within the 28 GHz band, the users
body acts as a formidable absorber, which we understand to mean that the body ab-
sorbs strongly. This would severely affect the performance of the designed antenna.
Ideally, the operating band of the antenna should have no effect on the users body.
Together with the 28 GHz band, the 38 GHz band has also attracted a lot of attention
from cellular communication engineers, due to its attractive radio wave propagation
characteristics. Furthermore, the fact that this spectrum has already been designated
for cellular use, in many parts of the world, makes it a good candidate [97]. Similar
to the 28 GHz and 60 GHz bands, the 38 GHz band can provide good coverage, since
measurements showed that a mobile device does not necessarily need a line-of-sight
(LOS) link with a BS. Instead, the highly reflective nature of the objects at these
frequencies increase the chance that the receiver will pick-up a signal (provided that
both the transmitter and receiver point in the right directions). The authors in [96]
presented cellular measurements at 38 GHz using steerable antennas which showed
that there is no RMS delay spread for LOS signals while NLOS links showed higher
RMS delay spread; 107 ns for the 38 GHz cellular channel. It is worth noting that an
LoS channel is a channel which has both LoS and NLoS paths whereas a NLoS refers
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to a channel that only has NLoS path but no LoS. Similar to 28 GHz and 60 GHz
bands, measurement campaigns that used rotatable high gain horn antennas, showed
that buildings, trees, cars, lampposts and the ground all contribute to create a rich
scattering environment where multipath signals propagate in many different directions,
with different propagation delays [115]. Again, small cells, with a radius of 200 m
should be deployed for good coverage within the 38 GHz frequency band.
The 70 GHz and 80 GHz bands exhibit very similar characteristics to one another.
In both bands the attenuation of the signal power caused by atmospheric absorption
ranges from 0.42 dB/km to 0.5 dB/km, which is much lower than that within the 60
GHz band; where it is approximately 20 dB/km. It is also very interesting to see that,
in these bands, the radio wave propagation characteristics are similar to those of Wi-Fi
signals at 2.45 GHz and in general the propagation characteristics are only slightly
worse than those of the widely used lower frequency bands [82]. Results from Aalto
University have shown that in the 81-86 GHz bands the LOS link is dominant [57].
Moreover, multipath exists in the 80 GHz frequency band, for outdoor scenarios.
Generally, mmW frequencies are suitable for very user-dense scenarios because, as
mentioned previously, the signals do not travel very far. In any wireless system, the
likelihood of losing a connection increases as the receiver moves further away from the
transmitter. For mmW signals, transmitted at low power, outage (due to the atmo-
spheric absorption) begins to occur for transmission ranges of around 200 m and above
(particularly at 28 and 38 GHz) [83]. This shows that the high atmospheric absorp-
tion, experienced at these frequencies, does not limit the use of millimetre wave signals
provided that the cell size is sufficiently small. This limited range is not a problem for
future communications because operators have started to significantly shrink cell sizes
in order to expand capacity. Small cells are starting to be deployed with using BS that
fit on lampposts, with ranges no longer than 100 m. It will therefore be essential to
employ small cells in conjunction with mmW radio access technologies. Small cells can
be employed alongside other types of cells (e.g. macro cells), hence, creating heteroge-
neous networks, to allow more services to be delivered over the same spectrum [135].
It is important to note that companies like Intel and Samsung have already started
building prototype communication systems. More specically, Intel has been consider-
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ing the possibility of mobile access in 38 GHz band and WiGig operations in the 60
GHz band and the 28 GHz band [85], [107]. Samsung has already carried out techni-
cal and feasibility studies in 28 GHz and 38 GHz. Furthermore, Samsung has started
exploring arrangements of 28 GHz patch antenna at mobile handsets and proposed a
solution with 32 element array antenna positioned at the top and bottom of the mobile
handset, operating at 28 GHz and offering 360o coverage.
Even though it has been proven that mmW frequencies are feasible to be deployed for
cellular communications, there are still challenges that need to be addressed. Specifi-
cally in the antenna design sector, which is the research area of this PhD, challenges
like cost and losses are very important and need to be addressed carefully, since both
cost and losses increase as we move to higher frequencies. Furthermore, it is important
to design a highly directive and beam steerable antenna so that the path loss and the
possibility of obstruction of the LOS link can be compensated.
2.2 Antenna Beam-Steering Techniques for Use at Mil-
limetre Wave Frequencies
Array antennas consist of multiple individual antenna elements. It is commonly as-
sumed that there is negligible electromagnetic interaction (or mutual coupling) between
the individual antenna elements in both transmit and receive mode. Placing individual
radiators closely together (i.e. closer than λ2 , which is the usual spacing between the
radiators) will increase the mutual coupling between the individual antenna elements
[119]. However, due to the very small wavelengths at millimetre wave frequencies the
size of the antennas can be significantly reduced. Hence, numerous antennas can be
placed within a small volume of space to form compact array antennas, as mentioned
earlier.
Different beam steering techniques have been investigated over the years. Researchers
try, in some cases, to achieve the necessary beam steering by applying a phase change
within the antenna elements using various electronically tuneable components. For
instance tuneable leaky-wave and travelling wave antennas, shaped lens antennas with
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integrated switched feed arrays, active refectarray, tuneable high-impedance surfaces,
dielectric rod waveguides with integrated phase shifters, phased array antennas with
phase shifters, and electronically-steerable parasitic array radiator (ESPAR) antennas.
It is important to note that not all of the techniques mentioned are applicable for
all applications. For cellular applications, for example, some of these antennas are
inherently too large, while others are too costly or do not offer the desired steering
capability. The most popular beam steering technique currently used in millimetre
wave applications is the phased array antenna using phase shifters [8], [79]. Phased
array antennas will be discussed in the following section of this work. Phased array
antennas have drawn a lot of attention from researchers because they provide several
advantages along with high performance.
The following analogue beam steering techniques are briefly discussed later on in this
work:
• Phased array antennas
• Electronically Steerable Passive Array Radiators (ESPARs)
• Travelling wave antennas
• Beam Switched Array Antennas
• Beam steerable lens antennas
2.2.1 Phased Array Antennas
Steering at wide angles with low SLL is an existing challenge especially in microstrip
patch antennas. This is due to the use of the ground plane as mentioned in [59]. Phased
array antennas are one of the most commonly used antenna types in applications which
require beam steering or beam forming (BF). The basic geometry of a linear phased
array antenna can be seen in Figure 2.1. Phased array antenna solutions have been
presented by several research groups [37], [86], [109], [22], [93], [11], [26], [23]. This is
due to the fact that they provide high reliability, high bandwidth and good side-lobe
control. Furthermore, they have good electronic beam agility.
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Phase shifters are essential components in phased array antennas. They enable one
to change the phase of the signals applied to the elements by adjusting either the ge-
ometrical parameters of the device (e.g. changing the length of a transmission line
using semiconductor switches), or material properties of its components (e.g. by apply-
ing magnetic or electric fields). Existing materials used within phase shifters include
GaAs, ferroelectric materials, MEMS, and FET switches. The major drawback of
these materials is that they have high losses at mmW frequencies [19]. Insertion losses
are important to consider when designing an phased array antennas. The losses vary
according to the design of the phase shifter and the operating frequency. Table 2.1
summarises the losses within the materials mentioned earlier. From Table 2.1, it is
clear to see that phase shifters based on MEMs oer the lowest losses at any frequency
between the 8 GHz and 120 GHz. However, even phase shifters based on MEMs can
add notable power losses to the antenna design. In [3] phase shifters based on dielectric
rod waveguides (DRW) are proposed as a promising technology for use within active
phased array antennas, operating at mmW frequencies.
Another important disadvantage of phased array antennas is high cost [113]. A phased
array antenna costs many times more than a refector antenna, for example, with the
same gain; however, this cost gap has been decreasing over the past years. The most
critical parameter affecting the cost of a phased array antenna is the number of the
array elements requiring phase angle control. This determines the number of the phase
shifters, power amplifiers, and associated control circuitry. Hence, due to the presence
of multiple elements and the requirement for complicated control mechanisms, the
implementation cost of a fully functional phased array antenna can be prohibitive,
for applications such as portable devices [113]. Many researchers have proposed and
designed systems which would divide a large antenna array into in-phase subarrays
each of which are controlled by one phase shifter. The aim of this approach is to reduce
the total number of phase shifters used and thus the overall cost and complexity of the
system. Subarrays offer lower cost and lower power losses at the expense of steering
range. Each subarray acts as a very directive antenna element which can steer its beam
when switched ON. Hence subarrays offer beam steering in discrete steps (depending
on how many subarrays there are). Furthermore, conventional subarrays require a large
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number of elements (i.e. 15 elements) which increases the complexity (e.g. of the feed
network) and size of the antenna. Phased array antennas with digital phase shifters
provide beam steering in discrete angular steps; where the number of steps depend
on the resolution of the phase shifters and beamwidth of the antenna. Continuous
beam steering can be achieved by using analogue phase shifters such as those based on
ferroelectric materials.
While multi-element phased array antennas with phase shifters are one of the most
popular beam steering techniques currently used, RF switches are also potential com-
ponents that can be used to build switching circuits. Compared to antennas employing
phase shifters, MEMS RF switches, provide many advantages for use in millimetre
wave frequency applications. These advantages include very low insertion loss (0.1 dB
at frequencies up to 100 GHz [101]), very high isolation, and low cost. However, they
offer relatively low operating speeds. The switching speed of most electrostatic MEMS
switches is 2-40 micro seconds. Furthermore, their manufacturing process is costly.
For this reason, according to [101], MEMS are currently only suitable for high-value
commercial applications but not for cellular phones although costs may reduce in the
future. Varactors can also be used to create phase shifters. By changing the voltage
applied to the varactor it is possible to vary the phase of the output signal. Varactors
are a good choice for mmW applications because they have low losses and they are
cheaper than several other types of phase shifter [24], [56]. However, at high frequen-
cies they suffer from high losses within parasitic resistance elements. Furthermore in
some cases this means that the capacitor is not purely capacitive but has an inductive
component. This can be a limitation for using varactors instead of phase shifters for
phased array antennas.
In conclusion, phased array antennas offer high performance and relatively good beam-
steering ability. However, their complexity, high cost and the fact that they suffer
from high power losses at mmW frequencies makes them challenging to be used for
applications like portable devices. Hence, mechanisms for decreasing the number of
phase shifters used in conventional phased array antennas while increasing the steering
range should be exploited. Another drawback that conventional phased array antennas
have is the fact that they suffer from limited steering range when a few antenna elements
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are used and from scan loss. Increasing the steering range of phased array antennas
with a low number of antenna elements and maintaining low scan loss should also be
considered.
Table 2.1: Average phase shifter losses based on different materials
Frequency Loss RF MEMS Loss GaAs Ferroelectric
(GHz) (dB) (dB) (dB)
X-band (10) 0.3 per bit 1.2 per bit 3.33 per bit
Ku-band (20) 0.45 per bit 1.6 per bit
Ka-band (35) 0.6 per bit 2.3 per bit
V-band (60) 0.8 per bit 2.8 per bit
W-band (94) 0.9 per bit
Figure 2.1: Linear phased array geometry.
2.2.2 Electronically Steerable Passive Array Radiators
The electronically steerable passive array radiator (ESPAR) is another type of antenna
which offers beam steering capabilities. ESPARs have a single driven element and
hence a single RF source, and the remaining elements are parasitics. Typically each
parasitic is terminated with a continuously tuneable load which provides the necessary
phase shifts in the mutually coupled elements to achieve the desired beam scanning
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performance [90]. ESPARs have a number of important advantages; they can provide
continuous beam steering. Also they require only a single RF chain as it can be seen
in Figure 2.2 in comparison to conventional phased array antennas as it can be seen
in Figure 2.3. This reduces the size, cost, and complexity of the antenna. Their
continuous steering capability is a direct consequence of the fact that a continuously
tunable analogue is used to control the beam. They have been considered a good
alternative to phased array antennas because with appropriate tunable loading they
can provide continuous beam steering requiring just one RF transceiver. Furthermore,
the ESPAR is very compact because the parasitics can be placed around the active
element with interelement spacing as small as 0.05λ.
ESPAR antennas are considered by several researchers as promising candidates for low
cost, lightweight, low power, and small portable devices due to the aforementioned
reasons [31].
These antennas were originally only able to multiplex PSK (i.e. QAM) signals with
purely imaginary loads [50]. Equipment, such as oscillators, exhibit significant phase
noise when operating at very high frequencies, such as within the 60 GHz band [[128]. It
is therefore difficult to accurately implement PSK multiplexing in such high frequency
bands. However, the authors in [31], propose a new loading architecture, which enables
the multiplexing of two 16-QAM signals with one RF chain and the use of two parasitics.
The challenge with the proposed loading architecture is that it is complex.
The control of the radiation pattern within an ESPAR is achieved by altering values
of the reactive lumped elements, which are used to load the parasitic elements. An-
other challenge here, which needs to be addressed, relates to the parasitic impedance
associated with the lumped elements. The term lumped element refers to any passive
circuit element whose physical dimensions are very small compared to the wavelength,
at the operating frequency, so that its dominant effect on an electrical signal or wave
is inductive, capacitive or resistive [78]. In reality a lumped element is never ideal,
irrespective of the operating frequency. Instead the lumped element exhibits parasitic
impedances. These parasitic impedances when combined with the intended impedance
of the component lead to self-resonance. The parasitic impedances are particularly
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problematic at high frequencies. Hence, at sufficiently high frequencies, the lumped
model of element may no longer be accurate. This occurs when the wavelength of the
travelling wave becomes comparable with the element dimensions. It is therefore es-
sential to account for the parasitic impedances within the design process, when using
lumped elements.
Elaborating on the challenges involved in designing and building an ESPAR antenna,
according to [13], the resonant frequency of an ESPAR antenna depends strongly on
its input impedance, which in turn is a function of the parasitic loading and the carrier
frequency. The mismatch between the tunable loads and the active element of the an-
tenna, is therefore depended on the carrier frequency. More specically the attenuation,
of the input signal, due to mismatch is proportional to the carrier frequency, meaning
that, as the carrier frequency increases, the attenuation also increases. This poses an
additional challenge when it comes to operating at very high frequencies such as mmW.
Although ESPARs offer many advantages, the fact that they require complicated tun-
able lumped element loading in order to be able to support QAM modulation makes
them challenging to use within the mmW frequency bands. To the best of our knowl-
edge, the highest frequency that ESPAR antennas have been designed to operate at is
10.6 GHz [74], however, the authors do not specify what type of reactive loading they
are using and whether they take into account the parasitics that occur due to reactive
loading or if they are only considering ideal reactive loading. Furthermore, it is unclear
how the multiple varactors are controlled and how they are powered up. Lastly, ESPAR
antennas suffer from narrow beam steering range and high complexity involved with
the calibration of multiple reactive lumped elements.
2.2.3 Travelling Wave Antennas
A travelling wave antenna is a non-resonant antenna which uses a travelling wave on a
guiding structure as the main radiating mechanism. They are characterized by having
matched terminations so that the current is defined in terms of waves that travel in only
one direction. A travelling wave antenna can be formed by a single wire transmission
line which is terminated with a matched load.
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Figure 2.2: Simplified 3-element ESPAR antenna.
Figure 2.3: Simplified 4-element phased array antenna.
Travelling wave antennas are another promising solution for beam steering at mmW
frequencies. According to [3], beam steering, within travelling wave antennas depends
on the operating frequency. A travelling wave antenna radiates in different directions
depending on the operating frequency. They offer an efficient and economical way to
realize beam steering through frequency tuning. However, the fact that the steering
angle varies as a function of the operating frequency makes them unsuitable especially
for wide operating bandwidths, such as in mmW frequency bands.
Printed microstrip leaky wave antennas (LWAs) are a type of travelling wave antennas
and they have drawn a lot of attention due to their high directivity. However, these
types of antenna require the use of loading elements such as varactors and lumped
capacitors or inductors which poses the same challenges as are associated with the
ESPAR antennas, discussed previously in this work (Section 2.2.1). Travelling wave
antennas provide a much simpler solution for beam-steering compared with phased
array antennas and ESPAR antennas. Furthermore, they do not suffer from the high
losses associated with phased array antennas. However, the absence of fixed frequency
reconfigurable elements, in other words, their lack of ability to keep the operating
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frequency constant over a beam steering range, has so far been the obstacle preventing
realization of any type of travelling wave antenna at GHz frequencies.
2.2.4 Beam Switched Array Antennas
Switched array antennas offer discrete beam steering. They employ several antenna
elements which are configured to point in different directions. Each element has a
dedicated feeding network and it is able to produce a directive beam. The array is thus
able to produce a set of relatively narrow beams directed towards a discrete number
of different directions. Depending on which antenna element is excited, the switched
antenna array can either steer a single beam or even produce multiple beams.
This types of array only require multiple antennas with power amplifiers (PA) and low-
noise amplifiers (LNA) to direct the main beam of the array towards multiple directions.
It is a relatively simple technique because it works on the basis of just activating the
antenna with the desired predetermined beam.
Switched array antennas pose design considerations like the fact that the insertion loss
within the microwave switch should be low enough to ensure that the output power,
from the PA, is transferred to the antenna with the minimum amount of loss. Mean-
while, the isolation should be high enough to prevent the main beam from being dis-
torted by the destructive summation of leaking power from the other antenna elements
within the array [104]. Furthermore, the fact that they require multiple port feeding
networks increases their cost and size.
User Selected Beam
Antenna 1
Antenna 2
Antenna 3
Antenna 4
Figure 2.4: Switched antenna array with fixed predefined narrow beams.
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2.2.5 Beam Steerable Lens Antennas
Beam-steerable lens antennas have been used extensively at mmW frequencies in ap-
plications such as high-gain beam-steerable array antennas [120], [112], radar systems
[28], imaging [114] among many other applications [18], [80]. They have been used
for both mechanical and electronic beam-steering and they tend to operate over wide
bandwidths [2]. For electronic beam-steering, a feed array with a controlling switching
network is integrated into direct contact with the dielectric lens. This approach ensures
efficient coupling to the lens. The lens can be elliptical or extended hemispherical.
Beam steerable lens antennas suffer from reflection losses caused by mismatch between
the refractive index of the lens material and that of its surrounding environment and
from dielectric loss [80]. In [78] and [4] a lens antenna with electronic beam steering
capability is presented. A feed array with a controlling switching network is integrated
into direct contact with the dielectric lens to provide the beam-steering capability. This
structure provides efficient coupling to the lens, and reduction of power lost in the form
of surface wave excitation.
An electronically steerable integrated lens antenna (ILA) for WLAN (Wi-Fi) commu-
nication systems is presented in [8]. The ILA operates within the 60 GHz band. The
authors achieved electronic beam steering in the H-plane. They were able to switch the
main beam between four different directions. The approach involves a trade off between
the number of antenna elements and the antenna angular scanning range. Moreover,
the utilization of RF switches instead of phase shifters is another advantage since RF
switches appear to have lower power losses at millimetre wave frequencies than phase
shifters. The disadvantage of this particular design is that it is only capable of steering
its beam in one plane (H-plane). This means that it is not able to provide a 3-D cov-
erage, which is generally regarded as being important for WPAN/WLAN applications,
especially when mobility must be supported. In [79], the authors are proposing a solu-
tion which uses mechanical scanning. This approach provides low scan loss. However,
it is complicated due to the fact that it requires an accurate mechanical positioning
system that often suffers from poor reliability and it is often slow for some applications
that require fast beam steering (real time imaging). In [80], the authors are proposing
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an ILA which incorporates two lenses (the immersion lens and the objective lens). The
design operates at the mmW frequency range of 75-79 GHz. Although it provides a
low scan loss, its steering range is limited to only ±30o.
Given that the lens antenna depends on a network of switches or a phased array antenna,
the disadvantages associated with switched array antennas also apply to ILAs, where
a switched array antenna is used to steer the beam and similarly, the disadvantages
associated with a phased array antenna also apply to ILAs, in the case where a phased
array antenna is used to steer the beam. An example of a beam steerable lens can be
found in Figure 2.5
Figure 2.5: Simplified geometry of a beam steerable lens.
2.3 Millimetre Wave Beamforming
It is widely accepted that antennas with highly directional radiation patterns are re-
quired for use at mmW frequencies, as explained earlier [82]. MmW frequencies give the
opportunity of employing directional beamformers (BF) with large array antennas, and
hence improve the link margin [5]. BF can be considered to be one of the key enablers
for cellular communications at mmW frequencies, since, as previously mentioned, it
can be used to overcome the unfavorable path loss at these frequencies [104].
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Depending on the BF architecture, BF can be achieved in the digital or analogue
domain. An analogue BF consists of variable gain amplifiers (VGAs) which enable the
amplitude of the applied signals to be varied, along with phase shifters, which enable
adjustment of the phase of the applied signals. It is therefore possible to control both
amplitude and phase of the signals applied to the antenna elements. Figure 2.6 shows
the basic architecture of an analogue BF. The entire phased array antenna is driven
by a single base-band (BB) processing module and only one RF chain is required to
perform control the beam and steer it towards different directions. Analogue BF suffers
from some hardware limitations which add constrain to the system [5] and which make
the systems performance sub-optimal [32]. Furthermore, analogue BFs are unable to
provide multiplexing gains since in these systems it is not possible to send multiple
parallel streams of data [5] (unless multiple antennas are used). Analogue BF provides
an effective method of generating high BF gains from a large number of antennas. It
is cheaper to implement and operate than digital BF. However, analogue BF provides
fewer degrees of freedom than digital BF thus resulting in poorer performance.
Digital BF, is achieved using digital precoding. It required multiple RF chains for
controlling the beam in terms of its direction and amplitude. Figure 2.7 shows the
basic architecture of a digital BF system. It involves multiplying a particular coefficient
to the modulated baseband (BB) signal per RF chain. It offers the ability of sending
data in parallel streams. This enables the antenna to exploit spatial diversity and
multiplexing. In conventional lower frequency systems, precoding is usually done in
the BB in order to have better control over the entries of the precoding matrix [5].
However, the high cost and power consumption of mixed signal components make full
digital BB precoding prohibitive for mmW frequencies, with the currently available
semiconductor technologies. The design of the precoding matrices in digital BF usually
relies on having complete channel state information (CSI). CSI is difficult to obtain
in mmW systems due to the large number of antennas [106]. Another reason that
CSI is difficult to acquire, is the small Signal-to-Noise ratio (SNR) associated with
the signals before BF is applied [5]. Digital BF provides higher degree of freedom in
comparison to analogue BF technologies, improving the systems performance. However
there are many open issues with this technology including calibration, complexity and
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cost [32]. For example it is necessary for each antenna element to be equipped with a
dedicated RF chain. The implementation of a large number of RF chains, on top of the
existing RF chains present within a portable device (e.g. GSM, 3G, GPS, etc.) would
add further to the system: cost, complexity (due to mixed signal circuits), and power
consumption. For these reasons digital BF is unsuitable for use within battery based
devices. There is therefore a trade-off between system performance and complexity
between analogue and digital BF which drives the need for a third approach called
hybrid BF.
Furthermore since the elements within an array antenna must be placed close together
in order to prevent grating lobes, the analogue components, such as the LNA or PA
and the down- or up- converter associated with each antenna element, must be tightly
packed with the antenna element. This space limitation appears to be a great challenge
for mmW frequencies[41].
Figure 2.6: Architecture of analogue beam-steering with both amplitude and phase
control technology [12].
2.3.1 Hybrid Beamforming at Millimetre Wavelengths
Hybrid BF was first introduced in [131] and was re-introduced in [9] where mmW
frequencies were exploited. Hybrid BF involves the combination of analogue and digital
BF. It provides a trade-off between performance/flexibility and simplicity/cost [104]. In
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Figure 2.7: Architecture of digital beamforming technology [54].
hybrid BF a directive beam is formed by analogue BF with the aid of phase shifters and
variable gain amplifiers, whereas digital BF is used to provide the flexibility required
for advanced multi-antenna techniques such as multi-beam MIMO [122].
Hybrid BF is able to overcome the hardware constrains of analogue-only BF, while ex-
ploiting the performance advantages associated with digital BF. While this technology
can overcome the hardware limitations of analogue BF whilst supporting the transmis-
sion of multiple streams, it suffers from certain disadvantages. For example it requires
multiple RF chains along with a complicated architecture [32]. Furthermore, an impor-
tant issue with hybrid BF, which also exists in digital BF, is the difficulty in obtaining
CSI knowledge at the BS transmitter side [5], [32]. CSI is hard to obtain due to the
large number of antennas that probably future wireless communications systems will
employ in this application, as mentioned earlier. Figure 2.8 illustrates the architecture
of a hybrid BF system.
It it important to note that, in the case of any BF technique, a suitable array antenna
and a suitable RF chain must be designed. Controlling the weights of the antenna
through digital BF or through VGAs and phase shifters or using a combination of the
two, efficiently, is not enough to achieve good steering capability and high multiplexing
gain. A highly directive array antenna with suitable design characteristics such as high
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Figure 2.8: Block diagram showing the architecture of hybrid BF transmitter [9].
gain at all steering angles (low scan loss), acceptable side lobe level, high efficiency etc.
is required. Furthermore, algorithms that can deal with the phase noise of oscillators
at high frequencies, and suitable VGAs and phase shifters must also be designed. This
work, focuses on designing a suitable array antenna with wide steering range, high gain
at all steering angles, low side lobe level and high efficiency.
2.4 A Summary of Beam Steerable Array Antenna Solu-
tions - Pros and Cons
The above discussion presents a literature review on the challenges that use of mmW
frequencies pose for antenna engineers. Based on the requirements of mmW frequencies,
a summary of several beam steering techniques is presented which concludes on the more
suited beam steering technique for future mmW wireless communications. Leading of
the literature, phased array antennas are one of the most popular techniques used for
applications that require beam steering. One of the existing challenges that phased
array antennas have are limited steering range and scan loss. The steering range and
overall gain of a phased array antenna increases with the number of radiating elements.
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By increasing the number of elements, the power losses, complexity and cost of the
antenna also increase, which for some applications is not desirable. Furthermore, a
large spacing between the radiating elements of a phased array antenna results in
higher main lobe gain. However, large spacing between the radiating elements also
results in the appearance of grating lobes which limits the steering range.
Table 2.2 summarises some published works on beam reconfigurable array antennas for
several different application scenarios. From the table it can be seen that the most
popular beam steering technique used is phase shifters, as mentioned before. It is
important to note that the array antennas presented here aim to give an overview of
the steering techniques mostly used at mmW frequencies. However, not all the array
antennas are suitable for portable devices which is the considered application scenario
of this work. The following section of this chapter presented a summary of the state-of-
the-art (SoTA) for the application scenario, where performance comparisons between
antenna designs from the literature are made.
Table 2.2: Summary of Beam-steerable Array Antennas for Millimetre Wave Frequen-
cies
Frequency (GHz)
10 dB
RL BW
(%)
Steering
Range
(degrees)
No. of
Elements
Gain
(dBi)
SLL
(dB)
Scan Loss
(dB)
Steering
Technique
Ref
(1) 75-81 42.4 32 1x5 9.6 -15 0.2
Phase
Shifters
[117]
(2) 58-63 6.7 7 4x6 16 -10 0.9
Using
varactors
[116]
(3) 24.5-25.5 4 145 8 10 -5
Butler
Matrix
[39]
(4) 28 120 4x8 18 Digital BF [103]
(5) 27-29 90 1x4 11 -10 1
Phase
Shifters
[134]
(6) 38 4.2 80 1x5 12 -8
Phase
Shifters
[88]
(7) 300 16.7 40 1x4 20.7
Phase
Shifters
[102]
(8) 28 35.4 32 2x2 14
Butler
Matrix
[109]
2.5 Antenna Design for Future Cellular Communications
The key objectives associated with antenna design for cellular communications are
achieving efficient beam steering at low cost and low complexity. Furthermore, the
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environmental conditions will also have an important impact on the antenna perfor-
mance. These conditions can change regularly as the user walks or changes their hand
grip on the mobile handset. They also may cause degradation of the antenna’s radiation
performance (e.g. gain). Many researchers have proposed antenna designs for mmW
frequencies [45], [51], [26], [23], [25] and for specifically future cellular communications
[58], [33], [37].
While it is difficult to accurately envision a future cellular handset device down to detail
it can be assumed that the antenna design for cellular communications at mmW fre-
quencies should be able to cover a relatively wide frequency band while being directive.
Low cost, low loss and low complexity solutions are also important.
Researchers in [37] are proposing a phased array antenna with 16 elements, that uses
16 6-bit phase shifters which allow the array antenna to be able to steer the beam
away from boresight. The presented antenna operates at 28 GHz and the authors have
basically designed a patch antenna which is implemented within a 10-layer PCB. Re-
searchers in this work have addressed the need for an antenna operating over a wide
bandwidth by increasing the volume of the antenna [37]. Specifically they increased
the substrate thickness, as discussed in [12]. The desired increase in substrate thickness
is achieved by stacking dielectric layers one above the other. However increasing the
substrate height increases the losses due to surface-wave excitation within the dielectric
[64]. Low dielectric substrate materials (preferably close to 1) also have the effect of
increasing the bandwidth of an antenna. Considering the results published in [37] it can
be observed that the array antenna shows a 10.7% 10 dB return loss fractional band-
width which can be considered to be wide bandwidth. As seen from the measurements
and simulations the antenna is still acceptably matched (S11 < –10dB). Furthermore,
the antenna shows a good steering range of ±75o in the azimuth plane, however it also
shows a side lobe level of approximately -5 dB. Ideally, the side lobe level should be as
low as possible in order to keep the signal to noise ratio low. Furthermore, the gain of
the antenna in [37] is relatively low (3.5 dBi) according to simulation results. Especially
in the case of a phased array antenna, 3.5 dBi at boresight is low, since as the main
beam of a phased array antenna is steered away from boresight, its gain decreases (scan
loss).
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In [79], it presented a beam steerable antenna consisting of a dielectric lens which
pivots in front of a single stationary moderate gain feed. The designed lens performs
mechanical beam steering and it is designed for portable devices. Mechanical beam
steering can be done by moving all or some part of the antenna. Its main advantage
compared to electrical beam steering is the fact that it is low cost. However, one may
argue that mechanical beam steering is not suitable for this application scenario due
to the limited available space inside the device.
The authors in [86] proposed a phased array Vivaldi antenna which operates at 28 GHz.
The proposed array antenna has a 10 dB return loss fractional bandwidth of 4.29% and
it is considered from the authors to be acceptable for the 28 GHz frequency band. The
array shows a mutual coupling of less than -16 dB between the array elements and
it is capable of steering the main beam away from boresight in the scanning range of
±70o. The side lobe level at ±70o is not mentioned by the authors; from the published
results it is shown to be approximately -6 dB which can be considered to be a bit
high. An advantage that this antenna has is that the directivity of it at boresight is
approximately 12 dBi, which remains approximately constant for steering angles in the
range of ±0o – 40o. After 40o the gain drop is approximately 3 dB (as the main beam
is steered further away from boresight).
[91] shows a series fed linear array of planar microstrip patches at 60 GHz, which
the authors state that can be used in a mobile terminal of a wireless communications
system at 60 GHz. The achievable gain of the antenna at boresight is 13.5 dBi. A
series fed array is also presented in [51], where it is further improved by adding phase
shifters. It operates at 28 GHz and it can achieve a 3-D beam scanning range of
±20o with approximately -6 dB side lobe level and 14.9 dB gain at a steered angle
of 14.5o. The proposed design in [51] is an interesting solution for decreasing the
number of phase shifters required in a conventional planar array antenna while not
compromising its performance which therefore can be a suitable candidate for cellular
communications. This essentially reduces the cost and losses of a conventional planar
phased array antenna. However, the steering range is limited due to the appearance of
high side lobes.
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[130] proposes a planar switchable 3D-coverage phased array antenna that operates at
28 GHz and is proposed for mobile terminals of future wireless 5G cellular communica-
tions. Its beam steering ability is realised by using three slot subarrays that form three
distinct regions, and within each region, a subarray exists operating as a phased array
antenna. The 10 dB return loss fractional bandwidth of the array antenna is 7.14 %.
The switchable array can cover angles from 6.7o to 152o and from –16o to 152o. The
side lobe level which relates to the steering performance of the antenna is unclear. The
mutual coupling between the subarrays is -9.4 dB and the antenna suffers from scan
loss.
[45] and [72] proposed a dual band and a circularly polarised antenna respectively for
future cellular communications. Specifically, the proposed antenna in [45] operates at
10.15 GHz and 28 GHz frequency which are two of the candidate frequencies for the 5G
mobile communications. It is a patch antenna and it offers a gain of 5.51 dB at 10.15
GHz and 8.03 dB at 28 GHz. It is a non-steerable antenna, which makes it a challenge
to use for cellular communications due to the fact that a 3-D beam coverage and beam
tracking is ideally desirable for these applications. The proposed antenna in [72] is a
circularly polarised antenna which is also able to steer the main beam both in azimuth
and elevation. It is basically a multi-layer circular microstrip patch antenna which uses
a designed feed network and slots to perform circular polarisation. The authors state
that circular polarisation capability of the antenna is preserved for steering angles and
the gain of the antenna at boresight is 5 dBi but they do not show any results of the
gain at steered angles. Furthermore, it is not clear what the exact steering range of the
antenna is. The antenna operates at 3.8 GHz.
Taking the available literature into account, it can be observed that, the most common
types of antenna used for cellular communication applications are microstrip patch
antenna due to their simplicity and cost. Furthermore, the most common beam steering
technique used is phase shifters. Phased array antennas have been used from many
researchers due to the fact that they can provide fine beam steering. On the downside,
phase shifters add additional cost and exhibit loss. Therefore, a decrease in the number
or elimination of phase shifters is important in providing improved performance and has
been exploited by several researchers. Moreover, conventional phased array microstrip
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patch antennas offer limited steering range (±25o for -10 dB side lobe level and with
λ/2 spacing between the antenna elements). Generally, their steering range increases as
the number of antenna elements increases. Achieving wide angle beam steering using
microstrip patch array antenna and without increasing the number of antenna elements
and phase controllers used, has also been investigated by several researchers.
Leading of the literature, specific criteria based on the application scenario and the an-
tenna requirements at mmW frequencies can be set. An antenna should meet certain
requirements for it to be suitable to be used for future mmW wireless communications,
and more specifically portable devices. Low cost and low power consumption are es-
sential especially for portable devices that are power demanding. It should be small in
size and with relatively low complexity. High gain and wide beam steering are essential
to ensure good coverage. These requirements have been used as a baseline, for the
antenna designs that will be proposed and presented later on in this thesis.
2.6 Beyond the State-of-the-Art - Solving the Identified
Research Gap
Elaborating from the literature review, one of the questions that this work tries to
answer is whether we can improve the steering performance of a conventional phased
array antenna, without increasing the number of phase shifters required and without
degrading the performance of the antenna. Generally, the steering range of a phased
array antenna increases as the number of phase shifters used increases (as the number of
antenna elements increase). This phenomenon can be observed in Table 2.3. Therefore,
increasing the steering range of a phased array antenna without requiring an increase
in the number of controllers and phase shifters required yields in a reduction in the
complexity, cost, and power losses within the array antenna. However, achieving wide
angle steering using microstrip patch array antennas is very challenging due to the use
of the ground plane. Furthermore, another fundamental challenge that phased array
antennas have is the scan loss. A typical flat 1 × 4 microstrip phased array antenna,
can effectively scan its main lobe approximately from –25o to +25o (with a side lobe
level of –10 dB) with a scanning gain reduction of 4-5 dB down from its maximum
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[20], [36]. Moreover, when the phased array scans its beam beyond ±25o the scanning
gain dramatically decreases, because the radiation contribution of each element is very
small at low elevation angles, due to the radiation pattern of the element. A general
rule exists saying that when tilting the beam of an array at different angles, the gain
of the array reduces and the SLL increases. Consequently, a phenomenon called beam
broadening occurs, meaning that the main beam becomes less directive when tilted at
different angles. This can be observed by the directivity equation [30]:
D0 ' 2(1 + L
d
)(
d
λ
) (2.1)
D(θs) = D0cos(θs) (2.2)
Where Do is the maximum directivity of the array (which is also an indication of the
width of the main beam), L is the total length of the array, d is the spacing between
the elements of the array, λ is the wavelength, and thetas is the scan angle.
Table 2.3: Steering range of conventional phased array antenna in relation to the num-
ber of elements of the array antenna
Number of Elements Steering Range
4 70o
5 87o
6 95o
7 107o
To summarise two research questions arise here that will be addressed in this work:
• Is it possible to improve the steering performance of a phased array antenna
without increasing its number of phase shifters and without compromising its
performance?
• Is it possible to improve the scan loss from which a phased array antenna suffers
from without compromising its performance?
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Several alternative solutions have been identified to the research questions mentioned
here, from the available literature. This section describes those alternative solutions
and compares them to the proposed solution of this work which will be introduced
later on. The authors in [1] try to reduce the number of phase shifters by dividing a
large phased array antenna into a number of in-phase subarrays. A single phase shifter
is employed for each subarray. The design operates at mmW frequencies (X-band).
However, this technique is able to achieve low side-lobe level (SLL) (< –19 dB) only
over a narrow scan angle range (±10 degrees).
The authors in [21] propose an antenna design, which reduces the number of phase
shifters used in a phased array by a factor of two compared with a conventional solution.
Hence, reducing its cost and complexity. The antenna operates at 2.45 GHz but it could
be scaled up to mmW frequencies using the scaling process presented later on in this
chapter. However, here, the reduction in the number of phase shifters comes at the
expense of the beam coverage. Meaning that the steering capability of the antenna is
limited compared to the steering capability of a conventional phased array antenna.
SLL of –9.7 dB achieves –10o to –40o degrees of steering.
The authors in [51] have used a series feed approach which reduces the number of phase
shifters used and the authors in [61] have used parasitics and switches, to steer the beam
in different directions, instead of using phase shifters. Both designs use microstrip patch
antennas. The proposed design in [51] was also mentioned in Section 2.5. It provides a
reduction in the number of phase shifters required in a conventional planar microstrip
phase array antenna as mentioned earlier on. However, it suffers from a limited steering
range due to the appearance of high side lobes. Specifically, the 3x3 array antenna,
offers a steering range of ±20o with approximately -6 dB side lobe level at the maximum
steering angle. The authors in [61] presented an array antenna that can reconfigure
is beam in nine discrete directions. It uses switches and parasitics which are referred
to as pixels. By reconfiguring the geometry of the parasitic pixel surface, the main
beam of the array can be steered towards different directions. The limitation of this
approach is that it only provides discrete beam steering. [14] also presents an 8 x 8
planar phased array solution which uses a parasitic pixel layer based antenna as the
antenna element similar to [61]. The proposed array antenna supports a wide angle
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scanning from –78o to 80o for the azimuth plane and –78o to 79o for the elevation
plane. However, the gain of the antenna drops by approximately 3 dBi in both planes
as the beam is steered away from boresight while the steering range is computed with
an approximately -4.5 dB side lobe level, which is very high. If a -10 dB side lobe level
(which is more reasonable) is taken into account, then the steering performance of this
antenna becomes limited.
The authors in [118] proposed a two layered steerable microstrip patch antenna, which
is then arrayed in a an 8x8 planar phased array antenna and it aims at increasing
the steering capability of a conventional planar phased array antenna. The proposed
phased array antenna can steer its beam in both azimuth and elevation to up to 60o,
however it suffers from high side lobe level and scan loss. At 60o the side lobe level
is -3.9 dB for the azimuth plane and -6.2 dB for the elevation plane. Furthermore,
the gain of the main lobe decreases more than 3 dB as the beam is steered away from
boresight. One advantage that the aforementioned solutions have is that they provide
3-D coverage (the beam can be steered both in azimuth and elevation plane).
[60] presented a phased array antenna which uses a pattern reconfigurable single an-
tenna element. The pattern reconfigurable antenna utilizes a high impedance surface
(HIS) and parasitics that incorporate PIN diodes. By adjusting the PIN diodes loaded
in the parasitics, the single element can achieve pattern reconfiguration at two steering
angles. The element is then arrayed into an 8x8 linear phased array antenna. The
antenna can steer its beam in the range of ±80o in the elevation plane with a side lobe
level of -5.7 dB. The maximum achievable gain of the antenna is 13. 5 dBi and it is
achieved at boresight radiation. At 80o of steering the gain of the steered beam is 11
dBi.
The design proposed in [37] presented a low profile beam steerable antenna solution for
5G cellular communications that operates at 28 GHz. The solution incorporates a 16-
element phased array antenna, with 16 6-bit phase shifters, that control the direction
of the beam. The authors achieve a beam steering range of ±75o. Furthermore, they
use a multiple substrate layer in order to achieve a -10 dB return loss bandwidth of over
3 GHz. The gain of the antenna at boresight is 3.5 dBi. The design is highly complex
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due to the relatively large number of phase shifters used. The design also suggests high
power losses as evidence by the low antenna gain (3.5 dBi) at boresight.
Although the approaches mentioned above succeed in reducing the cost and complexity
of a conventional phased array antenna, or increasing the steering range of a conven-
tional phased array antenna they fail to retain a low side lobe level at wide beam
steering angles and they suffer from scan loss. Furthermore, most of the approaches
use more than four array elements, to achieve the mentioned steering performance.
Table 2.4: Summary of the Literature Review
Gain
Scan
Loss (dB)
SLL
Steering
Range in degrees
Ref
[1] 19.2 dBi 2.8 -4.7 158 [14]
[2] 22.8 dBi 6.06 -3.9 120 [118]
[3] 12.5 dBi 0.5 -8 80 [66]
[4] 10 dBi 0.5 -10 140 [18]
[5] 15.6 dBi -6 40 [51]
[6] 12 dBi 4 -5 140 [86]
[7] 3.5 dBi 6 -6 150 [37]
[8] 6.6 dBi 1.2 <-30 60 [90]
[9] 12.5 dBi 0.5 -7 40 [70]
[10] 16.3 dBi 2.3 -1.8 150 [20]
Table 2.5: Summary of the Literature Review
No of Elements Operating Freq. Steering Technique Ref
[1] 8x8 5.2 GHz
Phase Shifters and
PIN Diodes
[14]
[2] 8x8 14.5 GHz Phase Shifters [118]
[3] 1x2 (5.6-5.8) GHz
Phase Shifters and
PIN Diodes
[66]
[4] 1x7 20 GHz Phase Shifters and Lens [18]
[5] 3x3 28 GHz Phase Shifters [51]
[6] 1x8 28 GHz Phase Shifters [86]
[7] 1x16 28 GHz Phase Shifters [37]
[8] 1x3 4.08 GHz
ESPAR - Parasitics and
Reactive Loading
[90]
[9] 2x2 1 GHz
ESPAR - Parasitics and
Reactive Loading
[70]
[10] 1x4 35 GHz
Pattern Reconfigurable Element and
Phase Shifters
[20]
Figure 2.9, Figure 2.10, Figure 2.11 shows scattering plots that aim to summarise the
performance of the SoTA array antennas. Table 2.5 presents details of the summarised
literature and the proposed array antenna of this work. Different array antennas use
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different number of antenna elements, different steering techniques, they are designed
at a different frequency and they can be linear or planar array antennas. Therefore, a
direct comparison between the literature and the proposed array antenna is not possible
due to differences in the number of elements, operating frequency etc. Therefore,
when comparing between any published work (Figure 2.9, Figure 2.10, Figure 2.11), we
need to take into careful consideration the details of the antennas shown in Table 2.5.
Furthermore, a careful consideration of the steering technique that the array antenna
uses and which is presented in Table 2.5, should be made. Antennas that use reactive
loading are not considered to be suitable candidates for mmW frequencies as explained
in Section 2.2.2. It is important to note that the mentioned steering range of the
antennas in Figure 2.9, Figure 2.10, Figure 2.11 is the total steering range of the
antenna reported in the published work. Generally, we consider an antenna to have an
acceptable performance when the side lobe level is ¡-8 dB for its maximum steering angle
and when the scan loss is ¡3 dB (which is approximately the scan loss that a conventional
phased array antenna experiences over its steering range when the side lobe level is -10
dB). Note that the numbers referred to as Array Antennas’ in Figure 2.11 (x-axis)
apply to the ’work’ presented in Table 2.5 from 1-10. This work, considers an array
antenna to have an acceptable boresight gain when its boresight gain is ¿12 dBi; which
is approximately the boresight gain seen in a four element microstrip patch phased
array antenna.
Figure 2.9: Summary of the literature review and comparison with the performance of
the proposed array antenna in terms of scan loss.
From Figure 2.9, Figure 2.10, Figure 2.11 it can be concluded that, based on the current
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Figure 2.10: Summary of the literature review and comparison with the performance
of the proposed array antenna in terms of side lobe level.
Figure 2.11: Summary of the literature review and comparison with the performance
of the proposed array antenna in terms of boresight gain.
SoTA, wide beam steering is usually achieved in the expense of high scan loss and high
SLL. Both scan loss and SLL are essential in cellular wireless communications. Low
SLL increases the Signal-to-Noise (SNR) ratio, making the system less susceptible to
noise and interference. Furthermore, low scan loss, ensures high capacity and good
coverage, since while the main lobe of the antenna is steered away from boresight, the
gain of the main lobe does not decrease.
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2.7 Circular Polarisation for Future Wireless Communi-
cations - A New Research Gap
The above discussion focuses on linearly polarised antennas. In general, most of the
research efforts are focused in linearly polarised (LP) antennas due to their simplicity.
However, antennas that can reconfigure their polarisation between linear and circular
are very important. Demand for CP antennas has increased and they are becoming a
key technology for wireless communication systems. They offer several advantages com-
pared to LP antennas. For example CP antennas not only remove the need to align the
orientation of the transmitter and the receiver but are also more effective in mitigating
un-wanted multipath, and fading [69] [52]. This is an important feature especially for
wireless communications that operate at millimetre wave (mmW) frequencies. Radio
wave transmissions at mmW frequencies are more sensitive to scatterers and reflections
than lower frequencies, due to the small wavelength. Generally, when a signal is trans-
mitted through a rich in multipath environment the polarisation of the wave alters due
to interactions with objects. This can be mitigated by employing an antenna capable
of supporting CP radiation. Generally speaking, CP antennas offer many advantages
compared to LP antennas. They are not only resilient to polarisation mismatches but
they also increase the reliability in signal strength, they are resistant to weather condi-
tions and they can provide better mobility [43]. Furthermore, especially when it comes
to portable devices, that may include the function of satellite communications, CP is
important because polarisation tracking is not essential [72]. There has been a lot of
work in the literature from researchers regarding CP antennas [29], [65], [52], [67].
It is however desirable, especially for portable devices to have a low-profile and lightweight
antenna that can achieve acceptable gain and multiple functions, such as, electronic
beam scanning, low scan loss and having the ability to reconfigure its polarisation be-
tween linear and circular. However, meeting all the aforementioned functions and also
preserving CP for steered angles and maintaining an acceptable impedance matching
for LP and CP mode of operation by only using one antenna is a major challenge that
current antenna designs face.
CP antenna designs have been developed with both dual feed and single feed arrange-
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ments. The main advantage of CP antennas having a single-feed is their simple struc-
tures and that they do not require external polarisers, multiple feeds and sequential
feed configuration [67] [69]. For this reason they can be realised more compactly, us-
ing less board space than the dual-feed CP antennas, they have simpler feed networks
and hence lower power consumption. They can be considered a more suitable candi-
date for portable devices due to the aforementioned reasons. The main challenge that
single-feed CP antennas have is that they suffer from narrow 3 dB axial ratio (AR)
bandwidth. They yield in a smaller AR bandwidth than the dual-feed CP antenna.
CP array antennas are also possible and they can be a good solution for providing more
directive solutions. In microstrip patch array antennas, CP array antennas can be com-
posed of CP antenna elements while each antenna element uses a single feed and of CP
antenna elements while each antenna element uses a dual feed [44]. A good agreement
between the 10 dB return loss bandwidth and the 3 dB AR bandwidth is an essential
requirement for an antenna to be considered a good CP antenna. This alignment can
be challenging for reconfigurable antennas that do not preserve the impedance of the
antenna while reconfiguring their beam. A change in the impedance of the antenna
results in a change in the resonant frequency which makes the frequency alignment
between the impedance bandwidth and the axial ratio bandwidth challenging.
The discussed works in previous sections of this thesis are all beam reconfigurable
designs that have an LP operation. A few designs have been proposed in the literature
where beam reconfigurable antennas have a CP capability and even fewer works are
available where beam reconfigurable antennas have CP capability that can be preserved
for all or some of the steered angles.
Recapping from the discussions in the previous sections of this thesis, some of the char-
acteristics that antenna designs will have to meet for future wireless communications
at mmW frequencies will be: directive beams and beam reconfigurability. Elaborating
from the above discussion CP will also be required as an addition to the aforementioned
characteristics. Therefore, a new research question arises:
• Is it possible to design a high gain, beam and polarisation reconfigurable antenna
that uses a single feed (low complexity, low profile, low cost) and is suitable for
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mmW frequencies?
• Is it possible to improve the AR bandwidth of the single-feed antennas?
• Is it possible to preserve the CP capability of the design for steered angles?
This work aims to give solutions to the above research questions.
2.8 Literature Review for Circular Polarisation Antennas
The authors in [52] propose a polarisation reconfigurable antenna which can reconfigure
between LP and CP. The antenna is simple and only uses a single feed. The authors
used slots to produce CP and PIN diodes to reconfigure between LP and CP. The
antenna shows a good alignment between the AR bandwidth and the 10 dB return loss
bandwidth. The 3 dB AR bandwidth is 0.74% and the 10 dB return loss bandwidth
is (4.04%). The antenna operated at 2.44 GHz. An important advantage that this
antenna has is that it maintains a good impedance matching (¡-10 dB) for all modes
of operation of the antenna (LP, RHCP, LHCP). A disadvantage that this antenna has
is that it is a low gain antenna where 5.95 dBi is the highest achievable gain of the
antenna.
[27] propose polarisation reconfigurable antenna that can switch between LP and CP
polarisation. The antenna uses a multi-layer structure and it is fed by a slotline. It
uses a slot ring with pertubations that use PIN diodes to be switches ON and OFF
resulting in CP and LP polarisation. Reconfiguration between RHCP and LHCP is also
possible. It is designed to operate at 2.4 GHz. The largest achievable AR bandwidth of
the antenna is 4.3% which according to the authors is enough to cover the whole ISM
band. However, it is still smaller than the return loss bandwidth of the antenna. More
specifically the 7 dB return loss bandwidth of the antenna is 30%. The disadvantage
that this antenna has is that the impedance matching is not maintained below -10 dB
for all modes of operation (LP, RHCP, LHCP) at the 2.4 GHz operating frequency.
Furthermore it suffers from low main lobe gain (4 dBi).
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The authors in [40] proposed a 60 GHz CP antenna which can also reconfigure its beam.
It only has one mode of operation, RHCP. It uses a 2x2 planar microstrip patch array
which uses phase shifters to steer the main beam away from boresight and multiple
feeding lines and circular horns with slots to achieve RHCP. The AR is preserved for
angles ±(0 – 10o) and ±(30 – 40)o. The maximum achievable gain of the antenna is 7
dBi and the side lobe level at steered angles is ¿-10 dB. This array antenna is complex
since it uses complex feeding network and phase shifters.
The authors in [62] propose a CP beam steering array antenna which has broadband
3 dB AR bandwidth. Truncated rectangular patches are used, in combination with
sequential rotation and an external polariser with phase shifters which are used to
achieve beam reconfigurability. Wideband two section couplers are also used with the
feeding network. The 10 dB return loss impedance bandwidth achieved by the proposed
antenna is 41.6%. A 3 dB AR of 21% is also achieved. The gain peak achieved gain
of the antenna is 7.1 GHz. It has a steering range of ±43o for a side lobe level of
approximately -10 dB. CP is not preserved throughout the whole steering range. It is
only preserved for some steering angles. The specific antenna operates at 5 GHz. The
disadvantage that this antenna has is that it uses an external polariser which makes is
complicated and bulky especially for an application like portable devices.
The authors in [105] propose an array antenna that uses four antenna elements in a four-
sector configuration. The elements have unidirectional radiation and CP capability. A
reconfigurable 1x4 divider with broadband operation is also used to excite the sector
elements. By controlling PIN diodes, the divider offer different states of CP radiation
patterns. The available operating bandwidth of the array antenna is 20% with 2.1
GHz being the centre resonant frequency. The AR covers the whole bandwidth (1.9-
2.3 GHz). The pattern can be steered in four discrete steps (45o, 135o, 225o, 315o).
By controlling the PIN diodes on the feed network, eleven CP states are achieved
for the four steered steps (outputs). The impedance matching is also maintained for
all operating states of the antenna (¡-10 dB). This is again a very complicated and 3
dimensional structure which will be hard to be adapted for portable devices.
The work published in [76] shows a CP antenna with beam reconfigurable radiation
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pattern. The proposed structure is relatively simple although it uses dual-feed and
it is a multi-layer structure. The antenna is designed to operate at 2.4 GHz. The
AR bandwidth is 0.8% and the return loss bandwidth is 4.6%. The steering range of
the antenna is from 10o to 350o. However, CP is not preserved throughout the whole
steering range. Furthermore the radiation of the antenna is omni-directional (similar
to a dipole antenna) which might be a problem for mmW frequencies.
The published work in [89] proposes a CP switched-beam array antenna. CP capability
is achieved using a switch feeding network that feeds a rectangular patch antenna with
a slot. It can steer its beam in discrete steps between –40o and 40o, and axial ratio
is preserved for all steering angles. The AR bandwidth is 0.74% and the return loss
bandwidth is 4.04%. The operating frequency of the antenna is 1.8 GHz. The gain of
the antenna is 10 dBi and it is maintained for all steering angles. However, due to the
complicated feed structure the antenna is bulky.
A summary of some of the discussed literature can be found in Table 2.6 and Table 2.7.
This work proposes three antenna designs that will be discussed later on in this thesis.
The first antenna design can reconfigure its main beam direction and also reconfigure
between LP and CP when its main beam is directed towards boresight. The second
antenna design is an arrayed version of the first antenna design which can again recon-
figure its polarisation (LP/CP) but it is more directive and it offers a wider steering
range than the first solution. Furthermore, the 3 dB AR of the proposed array antenna
covers the 10 dB return loss bandwidth, even though each element of the array antenna
uses a single feeding technique. The third antenna solution can not only reconfigure
its polarisation and beam, it can also preserve CP capability for all steering angles.
The proposed antenna structures are simple compared to the solutions presented in the
literature, since they do not need external polarisers which makes them compact. They
are also high gain antenna solutions which is important for mmW frequencies. They
operate at 10.7 GHz, however, they can be redesigned to also operate at 26 GHz.
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Table 2.6: Summary of the literature review for circularly polarised antennas and
comparison with the performance of the proposed antenna
No. of
Elements
Gain
SLL
(dB)
Steering Range
(degrees)
3 dB AR
FBW
10 dB RL
FBW
[1] 2x2 16 dBi -10 dB 60 Not known 2.95%
[2] 1x4 7.1 dBi >-10 dB 90 29% 36%
[3]
Single
Antenna
4 dBi Not known 10-150 0.8% 4%
[4] 1x4 7.1 dBi <-10 dB 45, 135, 225, 315 39.5% 20%
[5] 2x3 9.8 dBi <-10 dB 80 Not known 5%
[6]
Single
Antenna
5.95 dB <-10 dB N/A 0.74% 4.04%
Proposed
Single
Antenna
10.57 dB -14 dB 46 1.86% 6.5%
Table 2.7: Summary of the literature review for circularly polarised antennas and
comparison with the performance of the proposed antenna
CP technique Operating Frequency Ref
[1]
Feed, truncations.
CP not preserved for
steered angles
61 GHz [40]
[2]
Butler matrix,
rotation technology.
CP preserved for
steered angles.
5 GHz [63]
[3]
Feed, multi-layer structure
CP preserved for
some steered angles
2.47 GHz [76]
[4]
Feed, switches and slots.
Discrete steering
(1.9-2.3) GHz [105]
[5]
Feed.
CP preserved for all steered angles.
Discrete steering
1.8 GHz [89]
[6]
Slots, PIN diodes
No steering
2.44 GHz [52]
Proposed
Truncations,
CP not preserved
10.6 GHz
2.9 Summary
High data rates and large capacity are two of the main requirements needed for fu-
ture wireless communications. Use of large available bandwidth is probably the most
straightforward method to provide the future data demands for 5G and in general
future wireless communications. mmW offers very large and unexploited bandwidth
which could be utilized for future wireless communications. Furthermore, beam-steering
and BF techniques are an integral part of the future communications. This section dis-
cussed the necessity of, narrow-beam antennas for compensating for the severe attenu-
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ation that millimetre wave frequencies suffer from. Beam-steering and BF are therefore
important technologies which can ensure sufficiently large coverage and support user
mobility even in non-line-of-sight (NLOS) scenarios where the direct link between a
transmitter and a receiver is blocked by obstacles.
A brief summary of the propagation characteristics of millimetre wave frequencies is
also presented here. Understanding the propagation characteristics of millimetre wave
frequencies is vital in order to achieve a good and practical antenna design.
A great portion of this chapter of the thesis focuses on different beam-steering and BF
techniques and their feasibility for mmW frequencies. It aims to give an overview of
the techniques, while discussing their challenges at mmW frequencies and for cellular
communications. According to the literature study, hybrid BF offers a trade of between
simplicity (analogue BF) and exploitation of spatial diversity and multiplexing (digital
BF). However it is mostly suitable for application scenarios where multiple users are
considered. The size limitation that portable devices impose is also an important
limitation which makes hybrid BF unsuitable. Digital BF can be very complex for
application scenarios where a large number of antennas are employed (Massive MIMO)
due to the requirement of full knowledge of the Channel State Information (CSI). The
fact that it requires one RF chain per antenna element also makes it unsuitable for
portable devices due to the space limitation. A basic characteristic that the antenna
solution for portable devices should have is small size. In conclusion, analogue BF or
beam-steering are the most promising solutions for this application scenario, since they
offer simplicity, low cost and an efficient enough way of forming/steering the beam.
There is still a lot of work which needs to be done in this area and a lot of parameters
which need to be taken into account. Furthermore, distinguishing between the different
BF techniques can be a challenging task. This section provides some basic insight and
understanding of beam-steering and BF technologies for the high-frequency bands. It
also gives an overview of what we believe are the main differences, advantages and
disadvantages of the different BF technologies.
Summarizing, some of the available work on beam-steerable phased array antenna so-
lutions for cellular communications on mmW frequencies is presented here. The array
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antenna that this work proposes is compared with the current state-of-the-art array
antennas in terms of steering range, side lobe level and scan loss. Furthermore, CP
is also exploited in this work and antenna solutions with CP capability are proposed.
The proposed solutions meet the requirements of the initial research questions and in
addition offer CP capability.
Chapter 3
Pattern and Array Factor
Reconfigurable Array Antennas
This chapter presents a microstrip patch antenna, which uses parasitics to reconfigure
its beam away from boresight both in azimuth and elevation. It also presents a phased
array antenna, designed to be operating at 4.65 GHz. An insight into how the antennas
operate is given and simulations are used to validate the operation of the antennas.
These antennas aim to give an introduction into the novel reconfigurable array antennas,
that operate at 10 GHz and 26 GHz, that are presented in later chapters.
3.1 Antenna Array Analysis and Parasitic Switching
Introduction
The target of this research was to devise a technique which could achieve analogue
beam steering up to wide angles while maintaining low side lobes. Side-lobe level
(SLL) reduction is essential for wireless communications because it determines how
resistant the system is to noise and interference arriving from outside its main lobe.
It is a vital parameter for an antenna since it may also limit the beam steering range.
Decreasing the SLL, reduces the interference which increases the data rate capacity of
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the communication system. Many researchers have proposed ways of reducing the SLL.
One technique involves introducing non-uniform spacing between the antenna elements
with the aid of a genetic algorithm (GA) [124]. However, in most cases, GAs are limited
to use with antenna arrays comprising a small number of elements. Furthermore, they
show only limited SLL reduction. Researchers have also attempted to reduce the SLL by
controlling the amplitude weighting associated with the different signals applied across
the array aperture. The drawback of employing the amplitude weighting technique is
that it tends to improve the SLL at the expense of the main beam directivity. The work
presented in this paper, uses a technique that is fully analog, does not use any digital
algorithms in its implementation and yields a reduction in the SLL while employing
main beam gain stability throughout the steering range.
Conventional phased array antennas require one phase shifter per antenna element.
Such components are expensive and have high power losses, especially at millimetre
wave frequencies [100]. The proposed solution shows reduction in the SLL, compared
to a conventional phased array antenna, which implies reduction in the number of
element and therefore phase shifters used. It is known that increasing the number of
elements within a conventional phased array antenna, increases the gain and directivity
of the array antenna. It also increases the steering range of the array antenna since
the SLL, for steered angles, decreases. When the main beam of the array antenna is at
boresight, the SLL decreases when the number of elements increase from 2 to 8. For
more than 8 elements within a conventional phased array antenna, the SLL at boresight
is expected to be approximately 13.2 dB irrespective of the number of elements used.
Furthermore, reduction in the number of phase shifters used implies reduction in the
total power losses of the antenna. Additionally, SLL reduction allows steering at wider
angles since SLL can limit the steering range of an antenna. Generally speaking, when
tilting the main beam of an array away from boresight, the gain of the array reduces
and the SLL increases. Furthermore, maintaining a stable gain over the steering range
is also important and it has been an open challenge for beam-steerable antennas.
The considered application scenario for this work is access for 5G cellular portable
wireless devices that require wireless transmission at very high data rates. The antenna
design presented here is a proof of concept antenna which currently operates at 4.65
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GHz. The frequency 4.65 GHz was chosen and used as a stepping stone, in order to
prove the concept. However, the proposed array antenna is later on re-designed for
operation at 10.6 GHz and 26 GHz which will then make it suitable for use within 5G
cellular portable devices; as its size will decrease considerably.
Antenna Structure and Design
For the purpose of simplicity we will first explain the operation of the single element of
the proposed antenna. The single element consists of one radiating (or driven) disk and
four parasitic disks. The design for the element is based on a design presented in [47]
and [49] and it can be seen in Figure 3.1. The antenna is printed on a Rogers/duroid
5880 substrate with a dielectric constant (εr) of 2.2 and a height of 1.6 mm. The
difference between the antenna structure shown in [49] and the antenna shown here is
the operating frequency; which changed the structure of the antenna in terms of size,
position of parasitics, position of switches on the parasitics. Furthermore, this antennas
structure is later on re-designed into a phased array antenna.
Figure 3.1: Simulated geometry of the single element of the proposed 4.6 GHz phased
array antenna.
The main radiator is positioned in the middle of the structure and it is excited by
a 50 Ω coaxial connector. The ratio of the inner and outer diameter of the coaxial
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Table 3.1: Antenna Dimensions
Parameter
Dimension
(mm)
Symbol Representation
Substrate Width 66.36 Ws
Substrate Length 66.36 Ls
Radius - Driven Element 11.85 Rd
Radius - Parasitic 11.85 Rp
Spacing between Parasitics 0.4λ0 Sp
Position of the Switch 16.2 Xs
Position of the Feed 7.5 Xf
Spacing between Driven Element
and Parasitic
0.04λ0 Dp
Spacing between Antenna
Elements in the Array Antenna
λ0 Dx
connector, and its position, are very crucial for the impedance matching between the
coaxial connector and the input impedance of the antenna [121]. The ratio of the outer
over the inner diameter of the coaxial connector in this design is equal to 3.42. The
point (0,0) corresponds to the centre of the driven circular patch. The co-ordinate of the
feeding via is (0, -2.85) mm on the driven circular patch. Each parasitic incorporates
a switched via (SW1, SW2, SW3, SW4) that connects the disk to the ground plane.
For the purpose of this study the switches were hard wired meaning that ON and OFF
state switches are represented by copper vias and vacuum, respectively. The behavior
of the parasitics is controlled by the activation or de-activation of these switches. The
single driven element excites four parasitic elements by means of mutual coupling. The
centre of the switches is placed at (0, 4.35) mm. The main radiator and parasitic
disks have the same radius, namely 11.85 mm. By switching ON and OFF different
pairs of switches, it is possible to switch the beam between 2 discrete directions in the
elevation plane, 2 discrete directions in the azimuth plane and 4 discrete directions in
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both azimuth and elevation plane. The current distributions on Figure 3.2 shows three
different modes of operation of the antenna, when different pairs, or single, switches
are ON and OFF.
The operation of the antenna is very similar to that of a Yagi-Uda antenna, which con-
sists of a radiating element, as well as a reflector and a series of directors. Meanwhile,
all of the other parasitics become reflectors. The performance of such an antenna is
strongly dependent on the radius of the radiator, the position of the switches (vias),
the position of the feed and the distance between the parasitic elements and the driven
element [47]. Hence, some optimisation and parametric analysis on the antenna struc-
ture has been done. The parametric analysis ensured that the antenna is matched
with a tolerable return loss (| S11 |< 10dB at the resonance) and with a tolerable SLL
(< –10dB) when the main beam is tilted away from boresight.
Figure 3.2: Current distribution of single element for three modes of operation; (i)
when SW1 and SW4 ON, (ii) SW2 and SW3 ON, (iii) SW1 ON
The aforementioned antenna, was arrayed with a spacing of
λg
2 between the elements,
where λg is the guided wavelength and it can be calculated by [12]:
λg =
C
f
√
εeff
(3.1)
Where εeff is the effective relative dielectric constant of the microstrip substrate. The
spacing between the elements of the array is critical in determining the performance
of the antenna. An interelement spacing of at least
λg
2 is necessary to reduce mutual
coupling. Grating lobes can be avoided (side lobes with approximately the same lobe
magnitude with the main beam lobe magnitude that exist in the visible space of the
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Figure 3.3: Simulated geometry of the proposed phased array antenna.
antenna’s radiation), the interelement spacing between tge radiating elements should
be less than one wavelength. Furthermore, to avoid side lobes (any other lobe apart
from the main beam lobe), the spacing should be equal or less than
λg
2 . In order to
satisfy all three conditions, the spacing was chosen to be
λg
2 . The spacing for the design
1 array antenna array design is measured between the edges of each element (edge of
the parasitics) as seen in Figure 3.3. This spacing was used only for the design 1 array
antenna at 4.6 GHz. The spacing was later changed and taken from centre-to-centre of
the driven elements, shown in [12]. This showed an improvement in the performance of
the array antenna in terms of SLL at steered angles which also increases the steering
range of the antenna as will be shown later on in this work. Furthermore, for the
work presented later in this work the free space wavelength was used instead of the
guided wavelength which will again be explained in later chapters of this thesis. The
proposed array antenna consists of a linear array of four elements and it can be seen
in Figure 3.3. Each element incorporates four parasitics and hence four switches that
can be turned ON or OFF. The total size of the four element array antenna is 5.19 λ
by 1.38 λ (338.2 mm by 90 mm). The array antenna operates at a frequency of 4.665
GHz. It is matched at the resonance with a return loss of | S11 |< 10 dB. The proposed
array antenna can perform analogue beam-steering by turning ON and OFF different
combinations of switches on the elements of the array, and by applying different phase
shifts between consecutive feeding ports.
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Figure 3.4: Simulated geometry of the conventional phased array antenna.
Figure 3.5: Radiation pattern for 18 degrees of beam steering.
3.2 Results and Analysis
The performance of the design 1 array antenna at 4.665 GHz is summarized in Ta-
ble 3.2. Figure 3.4 shows a conventional phased array antenna which uses circular
microstrip patch antennas as antenna elements and which was used for comparison
with the proposed array antenna in terms of the performance. The spacing between
the elements of the conventional array antenna is again lg2 edge-to-edge. Figure 3.5,
Figure 3.6, Figure 3.7, Figure 3.8 and Figure 3.9 show the simulated radiation patterns
for the antennas. The proposed array antenna shows SLL reduction, compared to the
conventional phased array antenna, within a steering range of ±180 to ±310. For the
proposed antenna we are steering the beam by controlling the AF for angles between
0o – 5o while having all switches of the array antenna ON. For the steering range of
±18o to ±31o we are steering the beam by controlling the array antenna at both the
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Figure 3.6: Radiation pattern for 21 degrees of beam steering.
Figure 3.7: Radiation pattern for 25o of beam steering.
AF and PF level and hence, tilting the beam, depends on the superposition of the two
factors. The performance of the antenna is better for steered angles above 180 (in terms
of its SLL at steered angles). This is because the main beam of the single element of
the array antenna is steered towards an angle of approximately 180. This allows the
superposition to result in maximum gain and minimum SLL at angles larger than 18o.
When the main beam is tilted at angles of > 180 the SLL is < –10dB. For steered
angles below than 18o the SLL is always < –8dB. We do not consider this to be a
limitation for our design, since the aim was to achieve steering at wide angles with low
SLL and a relatively small of phase shifters compared with conventional phased array
antenna. Furthermore, the SLL at angles smaller than 18o is still acceptable.
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Figure 3.8: Radiation pattern for 28o degrees of beam steering.
Figure 3.9: Radiation pattern for 31o degrees of beam steering
When, working with phased array antennas the main beam direction can be controlled
by the following equation [12]:
ϕ = cos–1[
λ0
2pid
(–β± 2mpi)] (3.2)
Where ϕ is the main beam direction, λ is the wavelength, β defines the phase shift
between signals applied to consecutive ports of the array, m is an integer value, and d
is the separation between two consecutive elements of the array. The equation provides
the relationship between the steering angles of the main beam (ϕ) and the phase shift
β between two consecutive ports of the array. It is important to note that, in practice,
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m must be chosen so that β is not outside the range of 0 ≤ β ≤ 2pi.
However, the above equation, assumes that the array antenna is constructed with the
element spacing is measured from centre-to-centre. It is therefore not directly applicable
to the proposed design which takes the spacing between the elements to be edge-to-
edge. It is hard to directly compare the conventional phased array antenna (Figure 3.4)
with the proposed one since for the same applied phase shifts, the two antennas show
different beam steering angles. This is due to the spacing used between the elements
of the array antennas. Taking the spacing to be lg2 edge-to-edge between the antenna
elements, results in a difference in the centre-to-centre spacing between the conventional
and proposed array antenna. We therefore evaluate the performance of the proposed
antenna compared to the conventional one for phase shifts that give the same achieved
steering angle for the design 1 4.665 GHz array antenna.
Table 3.2: Summary of Antenna Performance
Resonance frequency 4.665 GHz
-10 dB Fractional bandwidth (FBW) 3% (mode 1) 3.12 % (mode 2)
Beam steering range ±180 to ±300
SLL -10.2 to -13.3 dB
Realised Gain 15.1 to 15.9 dBi
Figure 3.10 shows the return loss, | S33 | of the proposed phased array antenna in
comparison with the conventional phased array antenna. It can be seen that | S33 |
is approximately -44 dB when SW1 and SW4 are ON, -38 dB when SW2 and SW3
are ON and -30 dB for the conventional phased array antenna. The return loss curves
pertaining to the other ports are identical to S33 in terms of the resonant frequency
and the 10 dB return loss bandwidth. They have different return loss at the centre
frequency. However we are presenting the worse return loss curve (S33). The rest of
the return loss curves show better return loss at the resonant frequency.
Considering Figure 3.10, it can be seen that the proposed phased array antenna res-
onates at 4.663 GHz when switches SW1 and SW4 are ON and switches SW2 and SW3
are OFF. The antenna has a -10 dB fractional bandwidth (FBW) of 3.12 %. When
switches SW2 and SW3 are ON and switches SW1 and SW4 are OFF the antenna
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Figure 3.10: Simulated reflection coefficients of the conventional and the proposed
phased array antenna.
array resonates at 4.683 GHz and it has a 10 dB return loss FBW of 3%. The change
in the resonant frequency is because of the use of parasitics. Similarly in [48], where
the authors are using parasitic elements to steer the beam away from boresight, it can
be seen that the resonant frequency changes as the function of the parasitics is changed
from reflector to director. Regardless of the switching, the antenna maintains return
loss below -10 dB at 4.65 GHz. This proves the functionality of this antenna at 4.65
GHz. At the resonant frequency the reflection coefficient is S33=-42.8 dB which shows
that the antenna is well matched when switches SW1 and SW4 are ON. Similarly when
switches SW2 and SW3 are ON S33=-37.5 dB. It can also be observed that the conven-
tional phased array antenna has a frequency resonant of 4.613 GHz, which means there
is a slight difference between the resonant frequency of the proposed array antenna and
the resonant frequency of the conventional array antenna. This is again, due to the
use of parasitics on the proposed array antenna which shifted the resonant frequency,
in comparison with the conventional array antenna. At the resonance, the return loss,
for the conventional array is | S33 |= –31.8dB. Furthermore, it has a 10 dB return loss
FBW of 2.72 %.
Figure 3.11 shows scattering parameters for the proposed array relating to transmission
between ports, namely S32 and S23. S32. We present S32, which showed the worst
magnitude (-27.5 dB) at the resonant frequency when switches SW1 and SW4 are ON
and S23 which showed the worse magnitude (-27.9 dB) when the switches SW2 and
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Figure 3.11: Simulated reflection coefficients of the conventional and the proposed
phased array antenna.
SW3 are ON. The rest of the scattering parameters pertaining to transmission have a
value of < –27.5 dB at the resonance. This shows that the elements of the array are
well isolated from each other. Isolation between the elements on the array is important.
Poor isolation between the elements, results in power leakage between the ports which
degrades the performance of the array antenna since high mutual coupling has an affect
on the radiation pattern of the antenna. It can be noted that the level of reciprocal
scattering parameters (e.g. S23 S32) are not equal to one other because the structure
of the single elements of the array antenna is not symmetrical in both the x and y-axis
due to the offset in the positions of the feeds and switches.
For simplicity, we are presenting the results for case when either switches SW1 and
SW4 or switches SW2 and SW3 are ON. We are therefore steering both towards the
positive and negative direction that we arrayed the antenna elements. It can be noted
that more solutions and combinations of switches that can be turned ON or OFF to
steer the beam exist. For example, if the antenna element is arrayed towards the y-axis,
then the combinations of switches SW1 and SW2 or SW3 and SW4 can be switched
3.2. Results and Analysis 61
ON or OFF to steer the beam accordingly.
Figure 3.5, Figure 3.6, Figure 3.7, Figure 3.8, Figure 3.9 show that for beam steering
angles of 18o, 20o, 25o, 28o and 31o the proposed array antenna offers better SLL than
the conventional one. A selection of patterns are presented here in order to illustrate
the typical performance achieved by the proposed array antenna in comparison to the
conventional phased array antenna. Table 3.3 summarises the radiation performance
of the two antennas. It can be concluded that, for wide steering angles, the proposed
phased array antenna yields a useful level of SLL reduction. Apart from the reduction
in the SLL, it can be seen, from Table 3.3, that the proposed array antenna shows a
better realised gain than the conventional phased array antenna. The proposed array
antenna shows low scan loss when the beam is steered away from boresight and at
different angles. The gain of the main lobe fluctuates by only 0.9 dB over the steering
range, whereas, usually in microstrip phased array antennas the gain fluctuates by 3-4
dB as the main beam is steered away from boresight. For the conventional phased array
antenna illustrated in the table, the gain varies by 1.5 dB. However, for steered angles
> 18o, the conventional phased array antenna is un-usable since the SLL is almost as
high as the main beam.
Table 3.3: Antenna Specifications based on their radiation patterns
[ht] Beam steering Angle Proposed Phased Array Conventional Phased Array
180
Gain = 15.6 dBi
SLL = -10.2 dB
Gain = 11 dBi
SLL = -12.7 dB
210
Gain = 15.9 dBi
SLL = -12.8 dB
Gain = 12.5 dBi
SLL = -9.2 dB
250
Gain = 15.6 dBi
SLL = -13.3 dB
Gain = 12.2 dBi
SLL = -6.7 dB
280
Gain = 15.6 dBi
SLL = -12.8 dB
Gain = 11.8 dBi
SLL = -4.8 dB
310
Gain = 15 dBi
SLL = -10.4 dB
Gain = 11.3 dBi
SLL = -3.1 dB
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3.3 Summary
This chapter presented a proof-of-concept antenna operating at a frequency of 4.6 GHz.
The antenna employs pattern plus array factor steering, which shows an improvement in
the steering range and scan loss in comparison to a conventional phased array antenna.
An insight into the operation of the antenna is presented also, together with simulation
results that were used to validate its operation. Subsequently, the proof-of-concept
antenna presented in this chapter is re-designed to operate at 10.6 GHz and 26 GHz
and is presented in the following chapters.
Chapter 4
Millimetre Wave Scaled Parasitic
Beam Steerable Antenna -
Design 2
This chapter presents a novel phased array antenna which operates at 10.6 GHz. The
chapter gives significant insight into the operation of the antenna and presents design
rules that are also used to re-design the antenna to operate at 26 GHz. It shows how
the proposed novel antenna outperforms conventional phased array antenna in terms
of steering range and scan loss. The operation of the antenna is validated through
simulations and measurements. Lastly, a mathematical analysis is presented which can
be used to simulate and examine the operation of the antenna using MATLAB and
which gives useful insight into pattern and array reconfiguration.
Introduction
With the development of wireless technologies, pattern reconfigurable antennas have
drawn increasing attention from both the research and industry communities. Ma-
nipulation of an antennas radiation pattern can be used to increase SNR, suppress
interference and improve security, save energy and increase the channel capacity of
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the communication by better directing signal towards the desired user [126]. There
is therefore a great demand in pattern reconfigurable antennas in the field of wireless
communications. A very popular pattern reconfigurable antenna is a phased array an-
tenna. Despite the good characteristics that phased array antennas offer (including fine
beam steering), their beam steering ability is limited and they are costly and complex
to satisfy the requirements of many applications. Many researchers have been work-
ing towards reducing the number of phase shifters required in a phased array antenna,
without compromising its performance [51], [34]. Any reduction in the number of phase
shifters used in an array antenna, would result in a reduction in the cost and complex-
ity of the antenna which is important for any wireless communication application. It
is noteworthy to mention that microstrip antennas also play an increasingly signifi-
cant role in the reconfigurable antenna field because of their considerable advantages
of being simple and inexpensive to be manufactured using printed circuit technology.
Many microstrip reconfigurable antennas have been introduced [81], [125], [127]. Mi-
crostrip phased array antennas have been proposed for many applications that require
reconfiguration [87], [35].
However, achieving wide angle steering using microstrip patch array antennas is very
challenging due to the use of the ground plane. Furthermore, a typical flat 1 × 4
microstrip phased array antenna, can effectively scan its main lobe approximately from
–25o to +25o (with a side lobe level (SLL) of –10dB) with a scan loss of 4-5 dB down
from its maximum [20], [36]. Moreover, when the phased array scans its beam beyond
±25o the scanning gain dramatically decreases, because the radiation contribution of
each element is very small at low elevation angles, due to the radiation pattern of the
element.
Using wide-beam antenna elements in an array is a way of achieving wide angle scanning
of phased array antennas, but the average gain contribution from each element will
decrease due to a wider beam. An effective method to achieve wide-angle scanning of
phased array antennas while maintaining a high gain contribution from each element
is to use pattern-reconfigurable elements which have reconfigurable narrow beams to
jointly cover a large steering range.
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Based on the above discussion, this work presents a microstrip phased array antenna
(design 2) which aims at improving the scanning range of a phased array antenna, while
maintaining the scanning gain flatness. This also results in a reduction of phase shifters
and circuitry required, since usually, the steering range and the scanning gain increases
as the number of elements of an array increases. The reduction in RF circuits results in
the power consumption of the whole system to be suppressed by a few dBs in comparison
to a conventional phased array antenna. A 10.6 (design 2) and 26 GHz (design 3) array
antenna has been proposed which uses four pattern reconfigurable elements and four
phase shifters connected to the four elements respectively that provide a progressive
phase. The design 2 array antenna can scan its main lobe in the azimuth plane with a
low scan loss (less than 3 dB) and even a positive scan loss for some steering angles. Its
steering range is ±45o which is different than the steering range of the design 1 array
antenna at 4.665 GHz. The difference is due to the change in the spacing between
the antenna elements which will be further explained later on in Section 4.0.1. The
radiation performance of the proposed array antenna is compared to two conventional
phased array antennas. These array antennas differ in their element spacing only, which
therefore means that each one of them has a different array factor. One antenna had
an interelement spacing of 0.95λ0 (the same spacing as the proposed array antenna and
hence the same AF) and the other had an interelement spacing of 0.5λ0 (the spacing
that is commonly used in phased array antennas but different AF from the proposed
array antenna). Lastly, it can be re-designed to operate at other frequencies using the
design equations that are provided later on in Section 4.1.
Antenna Structure and Design
In this work, CST software is used for simulations. A low loss Rogers RT/duroid 5880
substrate with er = 2.2, tanδ = 0.001 and substrate height of h = 1mm. The substrate
height was chosen to be in agreement with the inequality shown in Equation 4.1, which
must always be true when designing microstrip antennas [12]:
0.003λ ≤ h ≤ 0.05λ (4.1)
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The copper and dielectric losses are considered in simulations. First, the single element
is designed to operate at 10.6 GHz. Then it is re-designed at 26 GHz which is the
allocated frequency band for 5G cellular communications in Europe (according to Radio
Spectrum Policy Group). The, relevant single element is then arrayed to create a 1× 4
array antenna operating at 10.6 GHz and a 1× 4 array antenna operating at 26 GHz.
4.0.1 Element Design
Figure 4.1: Structure of the single element of the array antenna.
Figure 4.2: Configuration of the 1× 4 proposed array antenna.
The proposed reconfigurable element was based on [48], which is a circular mictrostrip
patch antenna with parasitics and which was then converted to a phased array, by
arraying the reconfigurable element and adding phase shifters. By altering the phase
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Figure 4.3: Configuration of a 1×4 conventional phased array antenna with λ2 spacing.
Figure 4.4: Configuration of a 1 × 4 conventional phased array antenna with 0.95λ
spacing.
shift between the element of the array, and by switching ON and OFF parasitics, it
allows the main beam to be steered towards different angles away from boresight. The
geometry of the reconfigurable element can be seen in Figure 4.1 and the geometry of the
array antenna can be seen in Figure 4.2. Furthermore the geometry of the conventional
phased array antenna with half wavelength spacing can be seen in Figure 4.3 and the
conventional phased array antenna with 0.95λ0 spacing can be seen in Figure 4.4. This
section is focusing on the element of the array antenna; the array antenna will be
discussed in later sections of this chapter. The size of the element is Ws = Ls = 38mm.
Its design parameters are shown in Table 4.1.
The element of the array antenna consists of a driven element, a circular microstrip
patch with a radius Rd = 5.04mm and of four circular parasitics element with radius
Rp = 5.04mm. Its operating frequency is determined by the radius of the driven
element, Rd (10.6GHz). However, it can be re-designed to operate at any frequency
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Table 4.1: Design parameters of the single element of the array antenna operating at
10.6 GHz
Design Parameter Dimension
Rp 5.04 mm
Rd 5.04 mm
Sp 0.6λ
Xs 2.58 mm
Xf 3.5 mm
Dp 0.4λ
as shown later on. The centre circular patch is excited via a coaxial connector which
is positioned at the co-ordinate (0, –Xf) from the centre of the patch as shown in
Figure 4.1. The position of the coaxial connector is chosen so that the radiating element
shows acceptable impedance matching. The additional four circular parasitics act as
reflectors or directors depending on the switch configurations. When the switch is ON
the parasitic is activated and it acts as a reflector, otherwise it acts as a director. The
steering performance of the element depends on the size of the parasitics with respect
to the size of the driven element. When Rp < Rd the parasitic can not act as reflector
and hence the element loses its ability to steer the beam towards different angles away
from boresight. The presence of the switch (ON state) makes the parasitic electrically
bigger and enables it to act as a reflector. The radius Rp of the parasitics Rp is chosen
to be equal to Rd as seen in Figure 4.1 because the parasitics need to act both as a
reflector and a director. The tilt angle of the element is 250 and –250 when SW1 and
SW4 or SW2 and SW3 are ON respectively.
Furthermore, the position of the switches on the parasitics, together with the size
and position of the parasitics relative to the driven element are very vital parameters
to consider when designing the element. The aforementioned parameters control the
steering capability of the element, the gain of its main lobe and the side lobe level
(SLL).
A study was carried out in this work to help understand the effect of the position of
the parasitics on the performance of the element. As mentioned earlier on, the spacing
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Figure 4.5: Relation between the SLL and the distance between the driven element and
the parasitics.
Figure 4.6: Relation between the SLL and the distance between the driven element and
the parasitics.
Dp between the parasitics and the driven element affects the phase delay of the signal
travelling from the driven element to the parasitic and back, and the mutual coupling
between the driven element and the parasitic. The study is summarised in Figure 4.5
and Figure 4.6. The study was performed at 10.6 and 26 GHz in order to validate the
findings (effect of the spacing between the driven element and the parasitics on the
gain and SLL of the antenna) within a spectrum of frequencies. Based on Figure 4.5
and Figure 4.6, that were found experimentally, it can be seen the optimum spacing is
at approximately 0.04λ (when the gain is maximum and the SLL is as low as possible),
which is also approximately equal to the height of the substrate used in this design. The
coupling mechanism between the driven element and each parasitic can be attributed
to the surface wave effect rather than through radiation. This is due to the fact that
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the wave fields that propagate from the dielectric substrate of the driven element,
continue to propagate through the substrate into the parasitic. The magnitude of
fields that radiate out into space from the small spacing between the driven element
and a parasitics, can not be radiated back into the small gap/spacing as it does not
have a mechanism to do so. Since the amount of surface wave excitation is a strong
function of the dielectric constant and substrate thickness, the pattern shape of the
antenna is also a function of these two parameters and the substrate thickness must
satisfy Equation 4.1). It is known from [12] that mutual coupling in microstrip patch
antennas, can be decomposed to space wave (with 1ρ radiation variations), higher order
waves (with 1
ρ2
radial variations and surface waves (with 1
ρ( 12 )
; where ρ indicates the
spacing. Space (1ρ ) and higher order waves (
1
ρ2
) are most dominant for very small
spacing while surface waves are dominant for large separations because of their 1
ρ( 12 )
radial variations. This can be seen in Figure 4.6. Looking at the 10.6 GHz case when all
switches are OFF for spacing between 0λ0 < Dp < 0.07λ0 mutual coupling is attributed
to higher order waves, space waves and surface waves. This also results in maximum
gain at 0.04λ < Dp < 0.06λ0. As the spacing increases mutual coupling is largely
attributed to space waves and surface waves (0.06λ < Dp < 0.1λ0. For spacings larger
than 0.1λ0 the slope of the curve when all switches are OFF at 11 GHz, changes, due
to the fact that the mutual coupling is only attributed to surface waves ( 1
ρ( 12 )
). The
study performed in this work for the position of the parasitics, also shows that the
relationship between the gain and SLL with respect to the spacing Dp can be described
as an exponential function (Equation 4.2, Equation 4.3). Furthermore when the element
has four reflectors neither the SLL nor the gain are affected. Hence the element with
four reflectors operates similarly to a conventional circular microstrip patch antenna (a
circular microstrip patch without any parasitics). This also explains the drop in the
main lobe gain when all parasitics are ON in comparison to when all parasitics are
OFF.
SLL10.6GHz(d) = c1e
c2d (4.2)
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where c1 = –20.45 and c2 = –19.19
Gain10.6GHz(d) = c3e
c4d + c5e
c6d (4.3)
where c3 = 27.83, c4 = –15.1, c5 = –21.91, c6 = –7.516
A similar study was also carried out in this work to help understand the effect of the
position of the switches in the parasitics on the performance of the element. Figure 4.7
shows the current distributions for three positions of switches: (i) when the switches are
in the centre of the parasitics, (ii) when the switches are at an offset of (0, +y) and (iii)
when the switches are positioned at an offset of (0, –y) distance away from the centre
of the parasitics; where y is a positive constant in the range of 2.52 > y > 0. From
the current distributions it can be concluded that when the switches are positioned in
the centre of the parasitics, they do not get activated and hence they do not operate
as reflectors. Hence, the element operates as a conventional circular microstrip patch
antenna with four parasitics acting as directors. However, when the switches are placed
at an offset on the y-axis, the parasitics do get activated. The effect of the switch
location on the parasitics is analogous to the effect of the feed point for a driven
element on the impedance matching. The feed needs to be placed at an offset from the
centre of the patch where the input impedance of the patch is 50Ω. Similarly with the
switches, they need to be positioned at an offset from the centre of the parasitics where
maximum current flows through them.
4.0.2 Design Equations
A series of design equations are presented below as an aid to designing the array an-
tenna.
Rd = Rp =
1.8412 ∗ C
2pifr(110)
√
er
[12] (4.4)
Equation 4.2 and Equation 4.3 have been derived by fitting a curve to the graphs shown
in Figure 4.5 and Figure 4.6 pertain to the design 1 array antenna when SW1 and SW4
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Figure 4.7: Current distributions associated with different switch positions: (i) switches
positioned in the centre of the parasitics, (ii) switches positioned at (0, +y) from
the centre of the parasitics, (iii) switches positioned at (0, -y) from the centre of the
parasitics.
of the antenna are ON. Equation 4.4 was taken from [12] and it applies to conventional
circular microstrip patch antennas which operates fundamental in the TM110 mode. For
this work the equation is only an approximation as it does not take into account the
effect of switching the parasitics ON/OFF. The fact that parasitics surround the driven
element changes the mutual impedance of the antenna which in turn has an effect on the
resonant frequency, as described earlier. Moreover, as mentioned in [111], Equation 4.4
always shows a higher resonant frequency than the practical one (measured/simulated).
The error depends on the dielectric and constant height of the substrate material. A
study was carried out as part of this PhD to show the level of accuracy that the equation
has for different radii of the driven element (and therefore frequencies). The study was
performed, in simulation, on a conventional circular microstrip patch antenna where
the radius Rd was firstly increased in simulation in the range of 3mm < Rd < 7.5mm
and the resonant frequency was recorded, while the values used for the simulations
were then inserted in Equation 4.4 and the frequency was again recorded for different
values of Rd. It can be observed from Figure 4.8, for radius Rd of 3 mm (hence high
frequencies), the divergence between theoretical (findings based on the equation) and
simulated (findings based on simulations) results is approximately 3.5 GHz (33%). The
divergence decreases as the radius and hence the frequency decreases. When Rd is
7.9 mm the difference between theory and simulation is 0.8 GHz (7.55%). It has been
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proven from Figure 4.5 and Figure 4.6, that Equation 4.2 and Equation 4.3 which can
be used to calculate the distance between the driven element and the parasitics are
valid (with acceptable percentage error) for a range of frequencies (10.6 GHz and 26
GHz). This gives the confidence that these equations can be used to re-design the
antenna at any frequency.
Figure 4.8: Theoretical against simulated results of the radius against the operating
frequency of a circular microstrip antenna.
Due to the fact that the power coupled from the driven patch to the parasitics is
constant for all patches, the total radiation of the antenna can be therefore be described
as:
Etotal = Ed + Ep ×AFp (4.5)
which assumes the parasitics to be forming a 2×2 rectangular planar array with uniform
spacing but non-uniform amplitude (depending on the state of the switches) and where
Ep and Ed is the radiation from the parasitics and the driven element respectively and
where Ep = kcEd and kc =
1√
QdQp
which is the mutual coupling between the parasitics
and the driven elements, where Qd is the unloaded quality factor of the driven patch
and Qp is the unloaded quality factor of the parasitics. The array factor of the 2 × 2
planar array can be defined as:
AFp = α1e
–j(kdysin(θ)sin(φ)+βy) + α2e
–j(kdysin(θ)sin(φ)+βy) (4.6)
+α3e
–j(kdysin(θ)sin(φ)+βy) + α4e
–j(kdysin(θ)sin(φ)+βy) (4.7)
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where dy = dx = 0.6λ and α1, α2 , α3, α4, βy and βx are independent from the state of
the switches (ON, OFF). For example, when switch 1 and 4 are ON then (α1 = α4 and
α2 = α3) and k is equal to
2pi
λ
Equation 4.5 is accurate when the design 1 array antenna operates at boresight ra-
diation which is created when the planar array formed by the parasitics has uniform
amplitude (all switches ON or all switches OFF). It is less accurate when the pla-
nar array formed by the parasitics, is excited with non-uniform amplitude (e.g. two
switches ON and two switches OFF). This response can be observed in Figure 4.9 and
Figure 4.10. Figure 4.9 and Figure 4.10 show the simulated response of the array an-
tenna in comparison to the simulated response predicted by Equation 4.5 is simulated
in MATLAB. The aforementioned equations have been derived based on the radiation
which is formed when four parasitics are added to a conventional microstrip patch an-
tenna. The variables can be calculated by following the theory of a circular microstrip
patch antenna and the theory of planar arrays given in [12].
Figure 4.9: Theoretical against simulated results of the overall pattern radiation of the
antenna at boresight.
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Figure 4.10: Theoretical against simulated results of the overall pattern radiation of
the antenna when two switches are ON.
4.0.3 Array Design
The aforementioned pattern reconfigurable antenna was then used to create a 1 × 4
uniform phased array antenna based on four copies of the antenna element discussed in
Section 4.0.1. Each element is fed via a coaxial connector. It is worth noting that the
structure of the array differs slightly from that of the antenna shown in Section 4.0.1
and the array antenna proposed in [6]. It uses a spacing of Dx = 0.95 × λ0 between
the elements centre to centre; where λ0 is the free space wavelength at 10.6GHz. The
interelement spacing of the array at 10.6 GHz is thus different to that of the 4.6 GHz
array antenna. This is because the spacing is now chosen to be measured centre to
centre of the element (centre of the driven patch) as seen in [12]. As discussed in
Section 3.2, interelement spacing is very important in phased array antennas, because
it affects the performance of the antenna. For the design 1 array antenna, the guided
wavelength was used to determine the spacing between the antenna elements. However,
since in the specific geometry, we are interested in the far-field radiation of the array
antenna, the free space wavelength should be used to determine the spacing between
the elements. Generally, in a phased array antenna, when composing the far-field
radiation of the antenna, the phase of the main beam lobe is calculated using the free
space wavelength (k0 =
2pi
λ0
) and hence the distance between the elements of the array
antenna is calculated using the free space wavelength as seen in [12]. The fact that
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it is still less than a wavelength, avoids the appearance of grating lobes within the
visible range of the array (-90 to 90 degrees). The total size of the array antenna is
(119× 38)mm (4.2λ× 1.3λ).
Figure 4.11: Photograph of the fabricated array antenna - Boresight.
Figure 4.11 shows a photograph of the fabricated version of the proposed array an-
tenna. The fabricated version uses hard wired switches and fixed transmission line
phase shifters. It is fed by a four-way power divider. Three versions of the splitter are
designed to have three modes of operation; boresight (no phase shift), maximum +ve
steering angle (phase shift), maximum -ve steering angle (phase shift). The phase shift
is applied to the array elements by controlling the lengths of the output microstrip lines
of the feed network. The length of the output microstrip lines of the feed network is
calculated on the basis of λ ≡ 1800 and λ = c/fr where c is the speed of light (= 3×108)
and fr is the resonant frequency.
It can be noted that the proposed phased array antenna can be re-designed to operate
as a planar array antenna. If the single element shown in Figure 4.1, is arrayed both
towards the x-axis and y-axis direction, a planar array can be formed. By appropriate
switching of the parasitic elements, and appropriate applied phase shift between the
elements of the array antenna, it can be used as a 3-D reconfigurable planar array
antenna (with the capability of reconfiguring its main beam away from boresight both
in azimuth and elevation).
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4.0.4 Reconfiguration Principle
The reconfigurable element used can reconfigure its pattern in three modes of operation.
Depending on how the element antenna is arrayed, the array antenna can reconfigure its
beam both in azimuth and elevation. For each plane (azimuth and elevation), the modes
consist of two tilted angles and a boresight mode as shown in Table 4.2. Figure 4.12
shows an illustration of the functionality of the array antenna and its three operating
modes. Firstly, all the reconfigurable elements are set to one of the reconfigurable
states, and then beam scanning of the corresponding sub-space is completed according
to the theory of phased array antennas.
Table 4.2: Switching configurations of the proposed antenna.
Operating State State of Switch Mode
SW1 SW2 SW3 SW4
Boresight ON ON ON ON 1
Tilted Angle ON OFF OFF ON 2
Tilted Angle OFF ON ON OFF 3
The first mode is enabled when SW1 and SW4 are ON. The second mode is enabled
when SW2 and SW3 are ON and the operation of the array is reversed compared to
its first mode of operation. The boresight mode is enabled when parasitics are ON or
OFF. Note that, the boresight mode is enabled when all parasitics act a reflectors or
directors.
The element is then arrayed along the x-axis as seen in Figure 4.2 and the reconfigu-
ration of the proposed array is controlled by the pairs of switches SW1, SW4 and the
pairs of switches SW2 and SW3 and by adding phase shifts between the consecutive
elements. Arraying the reconfigurable element increases the gain as well as the steering
range and steering resolution of the antenna. The overall radiation pattern of the array
is defined by superimposing the pattern factor (PF) which is the pattern of the element
(given by Equation 4.5) and the array factor (AF) which is introduced after the element
78 Chapter 4. Millimetre Wave Scaled Parasitic Beam Steerable Antenna - Design 2
Figure 4.12: Modes of operation of the array antenna; (i) Mode 1, (ii) Mode 2, (iii)
Mode 3
is arrayed into a linearly phased array as follows:
Earray = PF×AF (4.8)
where AF(ψ) =
∑N
n=1 e
j(n–1)ψ as given in [7] Earray is the total radiation of the array
antenna. The maximum tilt angle of the linear array is then constructed by the addition
between the tilt angle of the single element and the added tilt angle from the phase
shifters and can be described as:
Φo = φo + ϕo (4.9)
Φo = 25
o + ϕo (4.10)
As seen in Figure 4.13, the tilt angle ϕo can be calculated from the following equations:
ψ = k0dxcosφ0 (4.11)
ψ = k0dxcosφ0 + β0 ≡ 0 (4.12)
φ0 ≡ arccos( β0
k0dx
) (4.13)
where Dx is the spacing between the antenna elements, k0 is the wavenumber which
is equal to 2piλ0
, β0 is the progressive phase shift and k0, λ0 and β0 are all free space
quantities, ψ is the phase shift between the elements, ϕo is the tilt angle of the array
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due to the applied phase shift from the phase shifters, φo is the tilt angle of the single
element of the array (due to the parasitic switching) and Φo is the total tilt angle of
the array antenna. Due to the use of phase shifters, the array can be reconfigured
continuously.
Figure 4.13: Conventional phased array antenna.
4.0.5 Power feed network
Feed networks are an important aspect of array antenna design. They are of great
importance when it comes to fabricating the array antenna because they are required
as means of providing the excitation for the radiation-pattern measurements. Popular
forms of power dividers, including: the T-junction, the corporate feed network, and
Wilkinson power divider. In this work a T-junction power splitter was employed. The
difference between the T-junction and corporate feed network is that the corporate
feed network has an impedance of 100 Ω at the output ports. Each antenna element
of the proposed array antenna has 50 Ω input impedance which means that the output
ports of the feed network should have an impedance of 50 Ω which can be obtained
using a T-junction feed network. Moreover the T-junction is easy to implement and
fabricate. Furthermore, the use of a resistor in Wilkinson power dividers is challenging
at high frequencies. Theoretically, the total current which arrives at the resistor from
all the input branches of the divider, cancels out and hence no current flows through
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the resistor. However, this only happens when all of the currents flowing from the input
ports have the same amplitude and are out-of-phase. Real Wilkinson power dividers,
show mismatches and phase errors, which result in some current flowing through the
resistor which is a challenge due to the presence of parasitic reactances within the
resistor at high frequencies. The resistor is not necessarily purely resisitve at high
frequencies due to these parasitic effects.
The feed network is stacked in a multi-layer structure behind the array antenna. Ideally,
no air gaps should exist between circuit boards used for the array antenna and the feed
network. Air gaps may cause impedance mismatch due to the inductive effect of the
vias used to connect each driven element of the array to the output ports of the feed
network. However, in fabrication, small gaps exist due to the fact that soldering the
vias and connectors create small bumps of solder that prevent the two structures to
be attached together without any air gaps. This will definitely have an effect on the
radiation-pattern measurements.
Figure 4.14: Schematic diagram of the feed Network - Mode 1.
Three feed networks were designed; one for each mode of operation of the array antenna
as previously discussed. The transmission line lengths in the mode 1 feed network were
equal. The transmission line lengths in modes 2 and 3 were non equal. The schematic
diagrams of the designed feed network can be seen in Figure 4.14, Figure 4.15. It is a
five port network with one input port and four output ports which are connected to the
driven elements of the array through vias. To minimise the effect that the radiation
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Figure 4.15: Schematic diagram of the feed Network - Steered angle.
pattern of the feed network has on the array antenna, this network is fabricated using in
a printed circuit board (PCB) technology with a different substrate dielectric than the
antenna’s PCB. A low loss and low thickness Taconic substrate (er = 4.55,h = 0.8mm,
tanδ = 0.025) was used for the feed network designs.
The use of the feed network has an effect on the radiation pattern of the antenna for
all modes. The feed networks for modes 2 and 3 are asymmetrical due to the non equal
length output lines. This has an important effect on the radiation patterns, as will be
seen later on in this work. The losses of microstrip lines increase as the frequency and
line lengths increase. The use of the feed network also increase the total conduction
losses which decreases the radiation efficiency of the antenna which has an effect on the
directivity and the radiation of the antenna. Furthermore, due to space limitations,
some output microstrip lines have bends, which add to the losses of the network due
to reflections and radiation and the presence of sharp current transitions. Lastly, when
two microstrip lines are placed close to each other, mutual capacitance is set up, which
adds to the undesired radiation from the feed network.
The measured reflection coefficient at each mode is shown in Figure 4.16. The impedance
fractional bandwidth is 3.4% (0.358 GHz) which is the intersection of the bandwidth
of all modes. All modes have approximately the same bandwidth since the radiating
element does not alter from configuration to configuration. The impedance matching
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Figure 4.16: | S11 | for different modes of the array antenna. Measurements and
simulations
Figure 4.17: Simulated and Measured | S43 | and | S21 |, which show the isolation
between ports of the proposed array antenna.
varies from configuration to configuration which can alter the bandwidth, however,
the variation is small which does not significantly affect the bandwidth a lot either.
The operating frequency of the array changes when altering from mode 1 to modes 2,
3 (boresight). This is because altering between capacitive and inductive modes of the
parasitics, changes the impedance of the antenna which affects the operating frequency.
However, in all three modes the antenna operates at 10.6 GHz (| S11 |< –22dB). Ad-
ditionally, the mutual coupling between any port in all modes is always below –13 dB
(| S12 |< –13 dB). The best value of mutual coupling is | S41 |= –43.45 dB and this is
when the array antenna operates at mode 1. When all switches on the array antenna
are turned ON, all parasitics are inductive. When the parasitics are inductively loaded,
the surface waves between the parasitics and the driven element of the radiating ele-
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ments and between the driven elements of the array antenna are suppressed, leading
to higher gain of the array antenna and lower mutual coupling between the array an-
tenna elements [53]. This improves the performance of the antenna. The worst value
of mutual coupling occurs when the antenna operates at boresight with all the switches
turned OFF (| S43 |= –13 dB); hence the parasitics are capacitively loaded. This allows
surface waves to flow between the driven elements of the array antenna. Figure 4.17
presents the worst mutual couplings for boresight (when all switches are OFF) and for
Mode 2.
Figure 4.18: Boresight Radiation Pattern for Mode 1 - Simulations and Measurements;
Co- and cross- polarisation.
The total efficiency of the antenna at Mode 1 is 90.1% and at Modes 2 and 3 the effi-
ciency of the antenna is approximately 94% for all steering angles. It is important to
note that the total efficiency reported takes into account any losses due to impedance
mismatch between the antenna and the position of the feed, and radiation losses, con-
duction losses, dielectric losses. The efficiency for Mode 1 is slightly less than the
efficiency for Modes 2 and 3 because the larger number of hardwired switches used in-
crease the conduction losses. The antenna specifications are summarised in Table 4.3.
Figure 4.18, Figure 4.19, Figure 4.20 show the radiation performance of the antenna
for modes 1, 2 and 3 when using ideal phase shifters and switches in simulation. The
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Figure 4.19: Radiation Pattern for Mode 2 - Simulations and Measurements; Co- and
cross- polarisation.
maximum steering angle, that can be achieved, using the proposed array antenna is 54o
for a SLL of -6 dB and 45o for a SLL of -10 dB. Figure 4.18, Figure 4.19, Figure 4.20
also show the measured radiating performance of the antenna when using the feed net-
work with fixed length phase shifters. It can be observed that the steering performance
of the array is compromised when the feed network is used (42o degrees for a SLL of
-10 dB). This is because the feed network contributes to the radiation which affects
the overall radiation pattern of the array antenna. Simulations of the isolated feed
network have shown that the boresight feed network has a radiation efficiency of -6.654
dB and the feed networks that incorporate non-equal lengths of the output ports has
a radiation efficiency of -3.334 dB. Most of the radiated power of the feed networks
is towards the back-side radiation of the array antenna (opposite direction from the
desired radiation pattern. However, some radiation still appears towards the front-side
radiation of the antenna (which is towards the desired direction). This has an effect
on the overall gain of the array antenna and the SLL, since the radiation of the feed
network in some cases is added destructively with the radiation of the array antenna
causing a drop in the gain of the main lobe or constructively causing an increase in the
SLL (and hence reducing the achievable steering range). Furthermore, the feed network
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Figure 4.20: Radiation Pattern for Mode 3 - Simulations and Measurements; Co- and
cross- polarisation.
has a vital effect on the antenna in term of the the antenna’s matching. It can cause
mismatch which will result in poor performance of the array antenna. All these factors
can be avoided by careful design of the feed network, however, in practice, no solution
or design is perfect. Lastly, this work uses vias to connect the feed networks’ output
ports to the antennas. Vias are copper strips positioned inside the substrate which can
act as inductors. Feeding the antenna using mutual coupling might have been a better
solution here since there would have been less impact of the radiation from the feed
network to the array antenna. It is important to note that achieving consistency and
accuracy between the models has been very challenging due to en-durability and rough-
ness. All the discussed factors have had an effect on the performance of the fabricated
antennas. In spite of these issues, an acceptable agreement between the measurements
and simulations was achieved and can be seen in the results presented in this section.
Figure 4.21 shows a study of the gain of the main lobe with respect to the steering angle.
Usually, in phased array antennas, as the main beam is steered away from boresight its
gain reduces due to scan loss and beam broadening. From Figure 4.21 we can observe
that as the beam for the proposed antenna is steered away from boresight the gain
of the main lobe increases. It never falls below the gain of the antenna at boresight.
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Table 4.3: Antenna Specifications
Resonance Frequency 10.6 GHz
-10 dB Bandwidth (FBW) 3.5%
Beam Steering Range 45o
SLL -8 dB to -13.7 dB
Maximum Realised Gain 13.65 dBi for Mode 1 and 15.7 dBi for Modes 2&3
Efficiency 90% for Mode 1 and 94% for Modes 2&3
This shows a positive scan loss since the main beam’s gain increases for steering angles
between 0o and 25o. The positive scan loss is the result of the superposition between the
pattern of the reconfigurable element and the array factor introduced after arraying the
element. Due to the fact that the pattern of the element is tilted away from boresight,
when multiplied by the array factor with a phase function ψ given in Equation 4.11,
the two magnitude vectors of the main beam add constructively, increasing the gain to
a maximum in that direction. On the contrary, as seen in Figure 4.21, the gain of the
conventional phased array antenna with 0.5λ0 interelement spacing drops from 14.5 dBi
to 10 dB as the beam is tilted away from boresight, which was also shown in [36]. The
gain of the conventional phased array with 0.95λ0 does not fluctuate as much, however
it still reduces by 1 dB, when the main beam is tilted away from boresight the gain is
always less than the gain at boresight because the gain reaches its peak value when the
main beam is at boresight direction. In general the gain at any steering angle is less
than the gain of the proposed array antenna.
Furthermore, Figure 4.22 shows the steering performance of the proposed array an-
tenna in comparison to the conventional phased array antennas in simulation. From
Figure 4.22 it can be seen that the SLL of the proposed array antenna is reduced com-
pared to the conventional array antennas for wide angles (> 18o) of steering. The SLL
is reduced from the use of a non-equal amplitude planar array formed from parasitics
elements on the single element of the array antenna which controls the PF of the total
radiation of the array antenna as shown in Equation 4.5. From Figure 4.21 and Fig-
ure 4.22 it can be concluded that the proposed array antenna improved the steering
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performance of a conventional phased array antenna for wide angles of steering (> 18o).
However, even for small steering angles (< 18o) the SLL of the proposed array antenna
is (< –8dB) for all steering angles.
Figure 4.21: Scan Loss performance of the proposed 10.6 GHz array antenna in com-
parison to the conventional phased array antenna - Simulations.
The proposed design 1 array antenna yields in an improvement of the steering range
in comparison to a conventional phased array antenna. One of the reasons the steer-
ing range is improved because the grating lobes which appear after steering the main
lobe away from boresight are suppressed for some values of phase shifts (β). Generally,
grating lobes occur when more than one period of the AF appears in the visible region
(±(pi2)o). When the spacing between the radiating elements of a phase array antenna
is equal or less than λ2 no grating lobes occur irrespective of the value of phase shift
applied between the elements. When the spacing (Dp) between the elements is equal
or larger than λ grating lobes occur disregarding of the value of phase shift. When the
spacing between the elements is within the range of λ2 < Dx < λ, which is the case for
the proposed 10.6 GHz phased array antenna, the occurrence of grating lobes depends
on the value of phase shift applied between the elements of the array antenna. To avoid
grating lobes with 0 < β < 2pi and λ2 < d < λ then the conditions in Equation 4.14
and in Equation 4.15 for the phase shift values should be met. Therefore, convention-
ally, grating lobes depend on the AF and more specifically on the phase shift applied
between the elements of the array and the spacing between the elements. Although
the conventional phased array antenna and the proposed phased array antenna have
the same AF, the proposed array antenna has a wider steering range due to the sup-
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pression of grating lobes as seen in Figure 4.22. The proposed 10.6 GHz array antenna
suppresses grating lobes based on the pattern factor and array factor multiplication
shown in Equation 4.8. Here, the grating lobes appearing in the AF are suppressed by
placing nulls of the other factor coincident with the grating lobes.
kd + β ≤ 2pi (4.14)
When the phase shift applied between the elements on the array antenna is within the
range of 0 ≤ β < pi.
kd – β ≤ 0 (4.15)
When the phase shift applied between the elements on the array antenna is within the
range of pi ≤ β < 2pi.
Figure 4.22: Steering performance of the proposed 10.6 GHz array antenna in compar-
ison to the conventional phased array antenna.
Real Switches and Phase Shifters in Simulation
This section focuses on evaluating the effect of adding real switches and phase shifters
into the simulation model for the antenna. The goal is to evaluate the performance
of the element of the array and the array antenna in a more practical environment
and evaluate whether the benefits of the proposed array antenna in comparison to the
conventional phased array.
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The model of switches used was MAPS-010146 from Macom and for phase shifters was
TGS2304-SCC from Triquint Semiconductor at the operating frequency of the antenna
(10.6 GHz) [110] [71]. The switches used have an insertion loss of 0.6 dB and an OFF-
state isolation of 38 dB. The phase shifters used are 4-bit phase shifters with least
significant bit (LSB) 22.5o and insertion loss of (6.5-8) dB for any phase shift value in
the range of (0–360)o. It is important to note that the given phase shifters and switches
are not the best available in the market in respect of insertion losses; they have only
been used here due to ready availability of the .s2p files necessary for use within the
simulation models. It is possible to use switches and phase shifters with lower losses
and therefore achieve better results. However the general conclusion is expected to be
unaffected by the choice of switches and phase shifters.
Figure 4.24 and Figure 4.25 show the radiation of the single element incorporating real
switches. When the main beam is directed towards boresight when all switches are
ON, a gain reduction of 4 dB can be observed in with the hard wired case. This is
due to the ohmic losses of the switches at ON state. When two of the switches within
the antenna are ON, only a 1.25 dB reduction in the gain is observed. However, the
maximum steering angle of the antenna is reduced from 27o to 15o compared to the
case where hard wired switches were used. Again, this is because of the losses that
the switches incorporate. Furthermore, the switches’ isolation state is different when a
real switch is used and when a hardwired via is used. In the ideal case, the absence of
the via is used for the OFF state of the switch which means that the patch (parasitic)
becomes capacitive and hence there is no current leakage between the parasitic and the
ground plane. In the real switch case, a capacitance is created when the real switch
is at the OFF state, however the capacitance of the real switch is different than the
capacitance of the hardwired switch. The fact that the parasitic gets loaded with
a different capacitor when real switches are used affects the phase of the radiation
pattern (steering angle). The input impedance of a real switch is different to that of
the hardwired switch. Hence, it is necessary to re-optimise the position of the real
switches, on the parasitics. Figure 4.26 shows the scattering parameters of the single
element with real and hardwired switches. It can be observed that, when real switches
are used, there is a shift in the resonant frequency of 0.072 GHz when at boresight, and
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0.141 GHz when steered. This is because the impedance of the real switches is different
to that of the ideal switches. Figure 4.23 shows the equivalent circuit of the ON and
OFF state of the switches. The circuit helps to understand exactly what changes in
the antenna when the switches are added. It can be observed that the ON state of
the switch is equivalent to a resistance. The OFF state of the switch is equivalent to
a capacitance in parallel to the resistance. According to Equation 4.16, the resonant
frequency depends on the inductance and the capacitance. Since the ON state of the
switch is equivalent to a parallel RC circuit, it is hence a natural consequence for the
resonant frequency to change (as seen from the simulation results). The return loss at
the resonant frequency degrades when real switches are used and when the antenna is
at boresight (all switches ON). This shows that there is a mismatch. However, in any
case, the antenna is reasonably well matched and the return loss is always below 10
dB.
ωo =
1√
(LC)
(4.16)
Figure 4.23: Equivalent circuit of the employed switches.
Figure 4.27 and Figure 4.28 show the radiation performance of the proposed array
antenna at boresight when hardwired switches and phase shifters are incorporated
in comparison with the radiation performance of the proposed array when hardwired
switches and phase shifters are used. Similarly, Figure 4.29, Figure 4.30, Figure 4.31
and Figure 4.32 show the radiation performance of the antenna when the main beam is
steered away from boresight. Five steering angles are considered including boresight. To
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Figure 4.24: Radiation performance of the single element antenna at boresight (all
switches ON), when incorporating hardwired and real switches; Simulation - Co-
polarisation
Figure 4.25: Radiation performance of the single element antenna, when incorporating
hardwired and real switches; Simulation - Co-polarisation.
achieve the steering angles the consequtive phase shifts between the radiating elements
are set to 22.5o, 45o, 90o and 180o respectively. From the presented simulation results,
it can be observed that the real switches and phase shifters have an effect on the
main lobe gain for all steering angles. The main lobe gain is always reduced by 2-5
dB. Similar to the case of the single element, with incorporating real switches, the
drop in gain is a results of the losses that the real switches and phase shifters add to
the antenna. Figure 4.33 shows the scattering parameters when hardwired switches
and phase shifters are employed within the proposed array antenna. The scattering
parameters are compared with the scattering parameters of the array antenna when
ideal switches and phase shifters are used in the array. A shift in the resonant frequency
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Figure 4.26: Scattering parameters (| S11 |) of the single element array when incorpo-
rating hardwired and real switches; Simulation.
is again observed, similar to the situation for the single element. Furthermore the 10 dB
return loss of the antenna is increased when real switches and phase shifters are used.
This happens because when real switches and phase shifters are used the impedance of
the antenna changes which changes the bandwidth of the antenna, as proven in [123].
The real part of the complex impedance of the antenna controls the Q-factor which is
inversely proportional to the bandwidth of the antenna. In any case, the antenna is
reasonably well matched and | S11 | is always less than 10 dB.
Figure 4.27: Radiation performance of the array antenna at boresight (all switches
OFF), when incorporating hardwired switches and ideal phase shifters, and real
switches and phase shifters; Simulation - Co-polarisation.
As mentioned previously, one of the targets of this section is to assertain whether the
proposed array antenna, which uses many switches and phase shifters, outperforms the
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Figure 4.28: Radiation performance of the array antenna at boresight (all switches ON),
when incorporating hardwired switches and ideal phase shifters, and real switches and
phase shifters; Simulation - Co-polarisation.
conventional phased array antenna in terms of gain and SLL when the main beam
is steered away from boresight. The performance of the proposed array antenna in
comparison to the conventional array antennas is illustrated in Figure 4.34 and Fig-
ure 4.35. Figure 4.34 shows that the proposed array antenna provides a higher main
lobe gain for any steering angle, compared to the conventional one. Furthermore, the
gain of the proposed array antenna increases, as its main beam is steered away from
boresight. On the contrary, the gain of the conventional array decreases, as its main
beam is steered away from boresight. Similarly, the proposed antenna shows better
SLL, than the conventional one, for any steering angle. It is clear, that for all steering
angles, the proposed array performs better than the conventional array both in terms
of SLL and the gain, even though the proposed array uses many switches, whereas the
conventional arrays only use phase shifters. The objective of this section was to show
that the losses that accompany so many switches do not compromise the performance
of the proposed array antenna in comparison to a conventional phased array antenna
and to examine the net effect that the added switches have on the performance of the
proposed array antenna.
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Figure 4.29: Radiation performance of the array antenna at boresight (22.5o of phase
shift applied), when incorporating hardwired switches and ideal phase shifters, and real
switches and phase shifters; Simulation - Co-polarisation.
4.1 26 GHz Scaled Parasitic Beam Steerable Array An-
tenna - Design 3
The design 2 array antenna has also been re-designed to operate at 26 GHz (design
3 array antenna). As mentioned earlier, 26 GHz has been proposed by OFCOM as a
frequency band for future 5G cellular communications and more specifically, for ultra-
dense networks that require very high capacity in the UK and in Europe [85]. Millimetre
wave frequencies (mmW) (10 - 100 GHz) have drawn a lot of attention from researchers,
due to their large and mostly unexploited bandwidth [98]. The large spectrum that
these frequencies offer can be used to provide very high data rates to users. In order to
compensate for the high path loss mmW frequencies suffer from, very directive antennas
are required. It is known that free space path loss (FSPL) increases as frequency
increases. For reference, the FSPL formula is given in Equation 4.17 .
FSPL(dB) = 20log10(a) + 20log10(f) – 147.55 (4.17)
Where d is the distance between the transmitter and the receiver and f is the frequency.
Furthermore, a link between a transmitter and a receiver, operating at high operating
frequencies, is susceptible to obstacles and can be obstructed easily. Hence, beam recon-
figurable antennas are required, in order for the transmitter to be able to accommodate
movement and for mitigate blockage. For example, if the link is obstructed, the trans-
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Figure 4.30: Radiation performance of the array antenna at boresight (45 degrees of
phase shift applied), when incorporating hardwired switches and ideal phase shifters,
and real switches and phase shifters; Simulation - Co-polarisation.
mitter can re-direct the link to the receiver through beam steering. As the operating
frequency of an antenna increases the design challenges increase. This is especially true
for fabrication. The physical size of the antenna decreases as the frequency increases
and hence fabrication becomes more challenging. Since the physical size decreases,
the radiation characteristics, gain, bandwidth and efficiency of the antenna are also
affected, since the substrate thickness and the aperture area of the antenna changes.
The design 2 array antenna was re-designed to operate at 26 GHz for all the previously
stated reasons. The re-designing was carried out using the theory and design rules
which have been presented earlier in Section 4.0.1, Section 4.0.2 and Section 4.0.3.
The first step was to re-design the single radiating element. The element was then
arrayed with a spacing of 0.95λ. The array was designed to operate on a Rogers/Duroid
substrate with er = 2.2 and h = 0.508mm. The substrate height has been adjusted
according to Equation 4.1. It is important to note that this material is an off-the-shelf
material and it can was supplied by Rogers Corporation. Again, three modes exist that
follow Table 4.2.
It has also been shown in this work that, parameters such as the distance between the
parasitics and the driven element of the single radiating element as well as the size of
the driven element and parasitics can be calculated using Equation 4.4, Equation 4.2
and Equation 4.3. From Figure 4.5 and Figure 4.6, it can be seen that, although the
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Figure 4.31: Radiation performance of the array antenna at boresight (45 degrees of
phase shift applied), hardwired switches and ideal phase shifters, and real switches and
phase shifters; Simulation - Co-polarisation.
optimum spacing between the driven element and the parasitics is 0.04λ (as was the
case for the design 2 array antenna at 10.6 GHz), there is a small divergence between
the design 2 array antenna (10.6 GHz) and the design 3 array antenna (26 GHz) curves.
Hence, there is need for more accurate design equations for the spacing, are given for
the design 3 array antenna at 26 GHz (see Equation 4.18 and Equation 4.19). The
aforementioned equations were derived by fitting a curve to graphs shown in Figure 4.5
and Figure 4.6 in turn these graphs were produced by performing a parametric study
on the spacing between the driven element and the parasitics of the single radiating
element and recording the gain of the main lobe or the SLL. The position of the switches
was determined using the theory discussed in Section 4.0.2, which is not dependent on
the operating frequency.
Using the given design equations it is theoretically possible to scale the antenna to
different operating frequencies. However, the radiation characteristics of the antenna
will be affected by any type of scaling. A very important difference between the 11 GHz
design and the 26 GHz design is the gain of the antenna. The gain changes because the
aperture area of the antenna changes. It is known that the aperture area of the antenna
is proportional to the wavelength (Aα ∼ λ) and the gain is inversely proportional to the
aperture area Gain ∼ 1Aα . Since the wavelength decreases as the frequency increases,
the aperture area also decreases and hence the gain of the antenna decreases. This is
true for all operating modes of the antenna and it can be seen in Figure 4.6.
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Figure 4.32: Radiation performance of the array antenna at boresight (180 degrees of
phase shift applied), hardwired switches and ideal phase shifters, and real switches and
phase shifters; Simulation - Co-polarisation.
Figure 4.33: Return loss of the array antenna when incorporating hardwired switches
and ideal phase shifters, and real switches and phase shifters; Simulation
The 10 dB return loss bandwidth for the design 3 array antenna is 5.36 % (1.355 GHz).
This fractional bandwidth corresponds to the intersection of the three operating modes,
as seen in Figure 4.37. The -10 dB fractional bandwidth of the design 3 antenna is larger
than the 10 dB return loss bandwidth of the design 2 antenna by Δ (1.86%).
The steering range of the array antenna is 57o with a SLL of -6 dB and ±51o with a SLL
of -10 dB as seen in Figure 4.36. This array antenna exhibits very similar performance
with the design 2 array antenna which operates at 10.6 GHz. Again, the steering
capability of the antenna is better for wide angles, in comparison to a conventional
phased array antenna. The array shows an improved main beam gain throughout the
whole steering range and a positive scan loss over a certain range of steering angles
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Figure 4.34: Scan loss performance of the proposed array antenna when incorporat-
ing hardwired switches and ideal phase shifters, and real switches and phase shifters;
Simulation.
Figure 4.35: Side lobe level of the proposed array antenna when incorporating hard-
wired switches and ideal phase shifters, and real switches and phase shifters; Simulation.
away from boresight. Similar to 10.6 GHz design, the scan loss does not increase when
of steering away from boresight.
4.1.1 Design Equations
SLL26GHz(d) = c7e
c8d + c9e
c10d (4.18)
where c7 = 2.207e
4, c8 = –23.81, c9 = –2.206e
4, c10 = –23.83
Gain26GHz(d) = c11e
c12d + c13e
c14d (4.19)
where c11 = –1.072e
4, c12 = –46.9, c13 = 1.072e
6, c14 = –46.9. Equation 4.18 shows
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Figure 4.36: Farfield Radiation of 26GHz Array Antenna
Figure 4.37: Farfield Radiation of 26GHz Array Antenna
the relation between the SLL and the spacing between the driven element and the
parasitics. Equation 4.19 shows the relation between the gain of the main lobe of the
array antenna and the spacing between the driven element and the parasitics. Both
equations, have been derived by fitiing a curve to the graphs shown in Figure 4.5 and
Figure 4.6.
4.2 Summary
This chapter presented a novel array antenna operating at 10.6 GHz. Measurement
and simulation results show that the proposed antenna outperforms the performance
of a conventional microstrip phased array antenna in terms of steering range and scan
loss. This section of the chapter also explains the functionality of the antenna and
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gives insight into how the antenna yields in an improved steering range and scan loss.
The chapter also presents simulations with real switches and phase shifters and shows
how the losses of phase shifters and switches that are involved in the design, affect the
performance at 10.6 GHz. Lastly, it presents simulations of the array antenna at 26
GHz, to prove that the antenna can be re-designed to operate at higher frequencies
without compromising its performance as long as the re-designing procedure discussed
in the chapter is followed.
An effective method to achieve wide-angle scanning of phased array antennas while
maintaining a high gain contribution from each element is to use pattern-reconfigurable
elements which have reconfigurable narrow beams to jointly cover a large steering range.
This approach is utilised in this work. This work presents a microstrip phased array
antenna which aims at improving the scanning range of a phased array antenna, while
maintaining the scanning gain flatness. This also results in a reduction of phase shifters
and circuitry required, since usually, the steering range and the scanning gain increases
as the number of elements of an array increases. The reduction in RF circuits results
in the power consumption of the whole system to be suppressed by a few dBs in
comparison to a conventional phased array antenna. A 10.6 and 26 GHz array antenna
has been proposed which uses four pattern reconfigurable elements and four phase
shifters connected to the four elements respectively that provide a progressive phase.
The phased array can scan its main lobe in the azimuth plane with a scanning gain
fluctuation of less than 3 dB and even a positive scanning fluctuation for some steering
angles. If the antenna element is arrayed in a planar array it can also reconfigure its
beam in the elevation plane. Its steering range is ±46o. The proposed array antenna is
also compared to two conventional phased array antennas in terms of its performance
(steering ability, side lobe level, gain). It is compared to a conventional phased array
antenna with inter-element spacing of 0.95λ (the same array factor as the proposed
array antenna due to the fact that both phased array antenna use the same inter-
element spacing) and with a conventional phased array antenna with inter-element
spacing of 0.5λ (the spacing that is commonly used in phased array antennas). Lastly,
it can be re-designed to operate at other frequencies using the design equations that
are presented later on in this work.
Chapter 5
Multiple Parameter
Reconfigurable Microstrip Patch
Antennas
This chapter presents the design of three novel antenna that can reconfigure their beam
along with their polarisation. More specifically, they are beam-steerable phased array
antennas that use either solely parasitics or parasitics along with phase shifters to
reconfigure their beam away from boresight, and notches with switches to reconfigure
between linear and circular polarisation.
5.1 Single-Notch Antenna
Introduction
Demand for CP antennas has increased and they are becoming a key technology for
wireless communication systems. They offer advantages compared to LP antennas.
For example CP antennas not only remove the need to align the polarisation of the
transmit and the receive antenna but are also more effective in mitigating un-wanted
multipath, and fading [69] [52]. This is an important feature especially for wireless
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communications that operate at millimetre wave (mmW) frequencies. Radio wave
transmissions at mmW frequencies are more sensitive to scattering and reflection than
lower frequencies, due to the small wavelength. Generally, when a signal is transmitted
through a rich in multipath environment the polarisation of the wave alters due to
interactions with objects. This can be mitigated by employing an antenna capable of
supporting CP radiation.
CP antenna designs have been developed with both dual-feed and single-feed arrange-
ments. The main advantage of CP antennas having a single-feed is their simple struc-
tures and the fact that they do not require external polarisers [67] [69]. For this reason
they can be realised more compactly, using less board space than the dual-feed CP
antennas. They also have simpler feed networks and hence lower power consumption.
The path loss at mmW is very high. Therefore, a communication link between a
transmitter and receiver can easily become obstructed. Hence, directive antennas that
can steer their beams, in different directions, are required. This, allows the beam to be
redirected towards the base station (BS) or the access point.
The authors in [52], [27] propose polarisation and beam reconfigurable antennas that
suffer from low main lobe gain. This paper presents an antenna design which can
reconfigure its main beam direction. The antenna can also switch between LP and CP
when its main beam is directed towards boresight. The antenna can only provide LP
at beam steering angles away from boresight.
Antenna Design
The proposed antenna is based on the design that was reported in [47], [6] and has been
thoroughly discussed in Chapter 3 and Chapter 4 . It is illustrated in Figure 5.1. The
theory, introduced in Chapter 3 and Chapter 4, also applies here when the antenna
is operated in LP mode. This chapter will focus on discussing the CP capability and
characteristics of the antenna. It is important to note that the dimensions of this
antenna are slightly different from those of the antenna presented in Chapter 3 and
Chapter 4. The new dimensions of the antenna are summarised in Table 5.1.
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Table 5.1: Dimensions of the the multi-parameter reconfigurable antenna element.
Parameter Dimension (mm)
Xf 2.75
Rd 5.04
Rp 5
Dp 0.04λ
Xs 2.54
Ln 2
Wn 0.7
A circular single-feed microstrip patch is used as the driven element and the circular
parasitics incorporate hard wire switches, allowing them to be activated or de-activated
by turning the switches ON or OFF. The beam switching antenna is printed on a printed
circuit board with a substrate dielectric of er = 2.2, a thickness of h = 1mm and a
dielectric loss tangent of tan(δ) = 0.01. Similar to the antenna discussed in Chapter 4
Ws = Ls = 38mm which is equivalent with 1.36λ0 and an operating frequency of 10.6
GHz.
Figure 5.1: (A) Structure of the microstrip patch antenna; (B) Close up of the driven
element.
The position of switches on the parasitics, the size of the driven element, the spacing
between the parasitics and the driven element and the position of the feed are again
important parameters to consider when designing the antenna. The aforementioned
parameters affect the radiation characteristics of the antenna including the axial ratio
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Figure 5.2: (Photograph of the fabricated single-notch antenna.
(AR). The CP capability of the antenna is realised by adding notches within the driven
circular patch. The position and size of the notches are crucial and directly control
the CP capability of the antenna. They will be discussed in more detail later in this
chapter.
As explained earlier, the main focus of this work was to make the antenna capable of
supporting CP without using an external polariser. Note that external polariser refers
to any feed network with a CP capability. Before adding the notches on the driven
element of the antenna, in order to make it CP, many other solutions were investigated
and tested. For example, a slot positioned in the centre of the driven element and
oriented at an angle 45o in relation to the position of the feed. However, with the slot,
reconfiguration between RHCP and LHCP would be difficult to achieve. The use of an
ellipse has also been evaluated. However, the radiation characteristics of an ellipse are
slightly different than the radiation characteristics of a circular patch which made the
design challenging, especially when the parasitics were involved.
The antenna operates on LP mode when switches SW5 and SW6 are both ON. When
SW5 and SW6 are both OFF the antenna is in CP mode. Table 5.2 summarises
some of the switching configurations and identifies the associated modes. Although the
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Figure 5.3: (Photograph of the fabricated single-notch antenna - LP mode.
antenna has the ability of operating at boresight either when the parasitics are all ON
or when the parasitics are all OFF, it only operates in CP mode when all parasitics
are ON. When evaluating the CP bandwidth of an antenna, both the 10 dB return loss
bandwidth and the 3 dB AR bandwidth should be considered, since it is important for
the antenna to have the CP capability across its operating bandwidth [69]. When all
parasitics are turned OFF the resonant frequency and impedance bandwidth change.
More specifically, the resonant frequency moves to 10.4 GHz. The 3 dB AR however is
not shifted and remains at 10.6GHz which means, that there is poor alignment between
the 3 dB AR and the 10 dB return loss bandwidth of the antenna. Re-optimisation
of the antenna is necessary in order to obtain a good alignment. If re-optimisation is
not possible, a multi-impedance feed network (feed network which can reconfigure its
impedance) could be used to match the impedance of the antenna according to the
need of its operating mode. The text below summarises, the parameters controlling the
AR as well as the alignment between the AR and the impedance bandwidth.
The size of the driven element was chosen according to Equation 4.4 which was dis-
cussed in Chapter 4. Specifically, the radius Rd has been calculated to give a reso-
nant frequency of 10.6GHz, when the antenna is operating in LP mode. As already
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Table 5.2: Switching configurations of the proposed antenna.
Operating State
State of Switch
Mode
SW1 SW2 SW3 SW4 SW5 SW6
LP, Boresight ON ON ON ON ON ON 1
CP, Boresight ON ON ON ON OFF OFF 2
LP, 24o OFF ON ON OFF ON ON 3
LP, –24o ON OFF OFF ON ON ON 4
LP, 5o OFF ON ON ON ON ON 5
LP, Boresight OFF OFF OFF OFF ON ON 6
mentioned the CP capability of the antenna is realised using notches that make sure
that the characteristic basis mode excited is then separated into a pair of degenerated
modes. These characteristic basis mode are orthogonal modes which produce CP. The
notches are placed along a diagonal line with 45o angle relative to the position of the
feed, to excite CP radiation. The notches are located at the periphery of the circular
patch. They serve as perturbation segments that control the orthogonality of the Ex
and Ey fields and their amplitude. They ensure that the x and y components of the
two E-fields are orthogonal and of equal amplitudes. When the perturbation segment
is adjusted to the optimum value, modes 1 and 2 are excited with equal amplitude and
are 90 out of phase at the centre frequency. More specifically, in this design, TM110
mode (i.e. fundamental mode in circular microstrip patch antennas) is separated into
two orthogonal modes TM100 and TM010 modes. The radiated fields excited by these
two modes are perpendicular to each other and orthogonal in the boresight direction,
allowing the antenna to be CP when the main beam is at boresight. The proposed
antenna is designed to produce left-hand CP (LHCP). If the notches are rotated by 90o
along the periphery of the patch with respect to their initial position, righ-hand CP
(RHCP) can be obtained. The notches have a total area of ΔS. The position and the
size of the notches control the AR [44] and the alignment between the AR and the 10
dB return loss bandwidth. They also have an affect on the impedance matching of the
antenna. Figure 5.4 and Figures 5.5 show a study which considers the effect of the
size of the notches, length (Ln) and width (Wn) in respect to the AR. The study shows
that varying the size of the notches causes changes in the AR which can be modelled
using the following equations. The equations have been derived by fitting a curve to the
graphs shown in Figure 5.4 and Figures 5.5 which were plotted using five data points.
It is important to note that the data set for Ln of the notches was collected by varying
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Figure 5.4: Relation between the length (Ln) of the notch and the axial ratio.
Figure 5.5: Relation between the width (Wn) of the notch and the axial ratio.
Ln in isolation. Similarly the data set for Wn of the notches was collected by varying
Wn in isolation. Additionally both equations are only valid for the chosen substrate
parameters.
ARLn = k1e
k2Ln + k3e
k4Ln (5.1)
Where k1 = 1.641e
14, k2 = –31.13, k3 = 0.3495, k4 = 0.9616, Ln is the length of the
notch in mm and AR is the AR in dB.
ARWn = k5e
k6Wn + k7e
k8Wn (5.2)
Where k5 = 3.352e
12, k6 = –64.82, k7 = 1.654, k8 = 1.38, Wn is the length of the
notch in mm and AR is the AR in dB. Considering Figure 5.4 and Figure 5.5 as
well as Equation 5.1 and Equation 5.2, it can be seen that the relation between the
dimensions of the notches (Ln and Wn) and the AR follows an exponential behaviour.
As mentioned previously, when evaluating CP capability, it is not sufficient to consider
only the AR. A good alignment between the AR and the return loss bandwidth must
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exist. Hence, the relationship between the size of the notches and the AR is insufficient
information with which to draw conclusions on how the notches affect the CP operation
of the antenna.
When the ratio between Ln and Wn is large (hence Wn < Ln or Wn > Ln), a good
AR can be achieved because the surface current path in one direction (either x- or
y-directied surface current path) is strongly affected while the surface current path in
the other direction is only slightly affected [52]. Hence, the currents have the same
amplitude and a 90o phase difference thus generating CP.
A further study considering the effect of the size of the notches with respect to | S11 |
was performed in this work. The study shows how the size of the notches affects the
impedance matching of the antenna at its operating 10.6 GHz frequency and the results
are plotted in Figure 5.6 and Figure 5.7. The change in the impedance matching can
be modelled using the following equations which have been derived by fitting a curve
to the graphs shown in Figure 5.6 and Figure 5.7 which were plotted using five data
points.
Figure 5.6: Relation between the length (Ln) of the notch and | S11 | at 10.6 GHz.
| S11 |Ln = k9ek10Ln + k11ek12Ln (5.3)
Where k9 = 0.0006911, k10 = 3.065, k11 = –7.797, k12 = 0.3977, Ln is the length of
the notch in mm and | S11 | shows the impedance matching at the operating frequency
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Figure 5.7: Relation between the width (Wn) of the notch and | S11 | at 10.6 GHz
which is 10.6 GHz.
| S11 |Wn = k13ek14Wn + k15ek16Wn (5.4)
Where k13 = –1.78e
4, k14 = 1.838, k15 = 1.779e
4, k16 = 1.838, Wn is the width of
the notch in mm and the modulus of S11 (| S11 |) indicates the impedance matching
at the operating frequency (10.7 GHz). From Figure 5.4, Figure 5.4 and Figure 5.6,
Figure 5.7, it can be seen that the most optimum value of Ln is 2 mm which gives an
AR = 2.12 dB and | S11 | = 16.97 dB. Similarly the optimum value for Wn is 0.7 mm
which results in AR = 2dB and | S11 | = 16.97 dB.
According to [44] for a circular microstrip patch to be circularly polarised, the area of
each notch should satisfy the following equation.
ΔS
S
=
Q
χ11
(5.5)
Where ΔS is the total area of each notch, S = 2piRd and is the area of the circular
microstrip patch, Q0 is the unloaded quality factor which needs to be chosen in order
to ensure that the efficiency of the patch is greater than 90% and χ11 represents the
zeroes of the derivative Bessel function Jm(x), which determine the order of the resonant
frequencies. According to [12] χ11 = 1.8412 for the fundamental mode (TM110). The
total area of the notches used for the proposed antenna is ΔS = ΔS1 + ΔS2 = 2.8e–6.
From the aforementioned studies and discussion, it is clear that the inequality shown
in Equation 5.6 should be true in order for the antenna to be CP.
Wn < Ln (5.6)
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CP can also be realised when Wn is bigger than Ln, as long as one dimension of the
Figure 5.8: Relation between distance between driven element and parasitics in terms
of λ (in mm) and the axial ratio.
notch is bigger than the other, an antenna will be CP.
A study has also been performed as part of this PhD to understand the effect of the
distance between the driven element and the parasitics on the AR. It is known, from
Chapter 4, that changing the spacing between the driven element and the parasitics
causes variation in the SLL and the gain when the antenna operates in any mode apart
from mode 2. In Chapter 4, it was concluded that the most optimum spacing between
the parasitics and driven element was 0.04λ which is approximately equal to the height
of the substrate. The study performed here focuses on operating mode 2. The single-
notch antenna yields CP radiation at boresight only. This is achiever when all four
switches are ON. As mentioned in Chapter 4, the spacing between the driven element
and the parasitics has no effect on the gain or the SLL, when the all switches are ON.
Here we focus on the effect of the spacing on the AR. From Figure 5.8 it is clear that
the AR varies exponentialy with the spacing Dp. The behaviour can be seen from the
following equation which has been derived by fitting a curve to the graph presented in
Figure 5.8 which was plotted using six data points.
ARDp = k17e
k18Dp + k19e
k20Dp (5.7)
Where k17 = 7.493e
13, k18 = –919.6, k19 = 0.7004, k20 = 19.94, AR is the AR in dB
and Dp is the spacing between the driven elements and the parasitics (in terms of λo
which is measured in mm). It can be seen from Figure 5.8 that the spacing which gives
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the optimum AR value is 0.05λo. However, the spacing was chosen to be approximately
0.04λo because the target is for the antenna to be able to reconfigure its polarisation
between LP and CP. A spacing of 0.04λo yields maximum gain with minimum SLL in
the LP mode. Furthermore, even though the spacing of 0.04λo does not yield optimum
AR in the LP mode, it still gives an acceptable AR (< 3dB).
It has also been observed that the size of the parasitics have an effect on the AR. Chap-
ter 4 explained that the size of the parasitics has an effect on the steering performance
of the antenna. The parasitics were chosen to be equal in side to the driven element for
optimum steering performance. Figure 5.9 shows how the AR varies with respect to Rp.
Figure 5.9 shows that the most optimum value of Rp is 5 mm which is slightly smaller
than the value of Rd (5.04 mm). This compromises the steering performance of the
antenna. The antenna has a maximum steering of 23o now, whereas, from Chapter 4 it
was shown that the antenna has a maximum steering of 27o when Rd = Rp. Figure 5.10
Figure 5.9: Relation between the size of the parasitics and the AR.
shows the effect of the position of the switches on the AR. Chapter 4 showed that the
position of the switches affects the current distribution on the antenna and hence its
radiation performance when the antenna operates at any mode apart from mode 2. It
was found that the most optimum position of the switch was at an offset from the centre
on the y-axis of 2.9 mm. This ensures maximum current flows through the switches.
Here, the position of the switches is evaluated when the antenna operates at mode 2
against the AR. Figure 5.10 shows that the AR can be described by a periodic function
which can be modelled using fourier series.
f(sg) = α0 + α1cos(sgω) + b1sin(sgω) (5.8)
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Where α0 = 2.426, α1 = –0.7147, b1 = –0.03597, ω = 0.887, sg shows the position of
the switch. When sg = 5 the switch is in the centre of the parasitic. When sg ≤ 5
is positioned on the positive y-axis (positive offset with respect to the centre of the
parasitic) and when sg ≥ 5 it is positioned on the negative y-axis (negative offset
with respect to the centre of the parasitic). In other words, the behaviour of the AR in
respect to the position of the switches is a periodic function f(sg) as seen in Figure 5.10.
Figure 5.10: Effect of the position of switches and the AR.
Results
Figure 5.11 and figure 5.12 show the radiation pattern and |S11|, respectively for the
antenna in mode 2 (see Table 5.2). It can be observed that there is an acceptable
level of agreement between the simulation and the measurement results. Figure 5.12
shows that the measured 10 dB return loss fractional bandwidth is 9.35% where as the
simulated one is 6.7 % at the centre frequency which is 10.7 GHz. There is a (2.65%)
difference between the measurement and simulation. This small discrepancy is due to
manufacturing tolerances. Considering Figure 5.11, it can be observed that there is a
slight difference between the measured and simulated results particularly in the back
lobe direction (at ±180o). This, again can be accounted to the fabrication since the
distance between the receive antenna and the antenna under test changes as the antenna
rotates from 0 – 360o because the antenna’s rotation follows the periphery of a circle
with radius of approximately 1 m. Furthermore, the cable loss which lies behind the
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antenna also has an affect on the radiation performance and the measurement. Also,
radiation from the cable can be added constructively or destructively to the radiation
of the antenna. Here, in mode 2 the measured back lobe radiation is worse (higher)
than the simulated one whereas in modes 3 and 6 the measured back lobe radiation is
better (lower) than the simulated one. It it important to note that this work focuses
only on the far-field radiation and hence no work was undertaken to improve the back
lobe radiation in the cases where the measurement was worse than the simulation.
Figure 5.13 and Figure 5.14 show the simulated against measurement farfield radiation
performance of the antenna for modes 6 and 3. An acceptable level of agreement
between measurement and in simulation exists. Similar to Figure 5.11, there is a slight
difference between the measurement and simulation for the back lobe radiation (at
1800). Again, as explained previously, this is due to the fabrication of the antenna.
Figure 5.11 shows the boresight radiation of the antenna when all switches are ON and
Figure 5.13 shows the boresight radiation of the antenna when all switches are OFF.
From Figure 5.11, Figure 5.13 and Figure 5.14 the main beam antenna gain can be
observed. Mode 1 has a gain of 7.5 dBi. For modes 2 and 3 the gain is 8.68 dB and
9.5 dB, respectively and for mode 6 the gain is 10 dB. All of the radiation patterns
presented were obtained through simulation and measurement at 10.7 GHz which is
considered to be the operating frequency of the antenna. The gain of the main beam
is preserved at 9.5 dBi for any switching configuration for switches SW1-4, given that
SW5 and SW6 are ON. A gain drop of the main beam can be observed when all
switches are ON. This is because when all switches are ON the antenna operates with
four reflectors. Reflectors do not contribute to the gain of the antenna as was explained
in Chapter 4. On the contrary, directors contribute to the gain of the antenna, hence
when all switches are OFF the gain is higher than when all switches are ON. This is
generally the reason why the gain fluctuates as switches or combination of switches
are switched ON and OFF. Figure 5.13 and Figure 5.14 also show the measured and
simulated cross-polar radiation patterns for the antenna when it is operating in the
LP mode. It can be seen that the maximum level of cross-polar radiation in any LP
operating state is approximately 17 dB, taking into account both measurements and
simulations (maximum gain of the co-polarisation minus the maximum gain of the
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cross-polarisation). More specifically, the simulation results showed a peak cross polar
radiation of 19.078 dB for mode 6 and 19.73 dB for mode 3. It is important to note
that probe-fed designs like the one proposed in this work tend to exhibit higher levels of
cross polar radiation. From the results presented in Figure 5.13, it can be observed that
the cross-polar radiation pattern shows two maxima and one null in the elevation plane.
Due to the fact that the feed is positioned at an offset, the radiating edge of the circular
patch does not contribute uniformly to the cross-polar radiation. The radiating edge
of the circular patch closer to the feed contribute the highest cross-polar radiation.
The opposite to the feed location radiating edge adds much lower cross-polarisation
radiation. This is normal for microstrip patch antennas which are probe-fed. Similarly,
in Figure 5.14 it can be observed that again, one null and two maxima exist in the cross-
polarisation pattern but this time the null is moved to the steered angle, as expected.
It is important to note that the cross-polarisation of the antenna at the CP mode is
shown in Figure 5.15 and in Figure 5.16 for several frequencies. At the resonance it is
less than 3 dB as expected for a circularly polarised antenna.
Figure 5.11: Radiation pattern for mode 2; Measurement against simulation.
Figure 5.12 shows the simulated scattering parameters (| S11 |) for modes 1, 2, 3 and
6. From Figure 5.12 it can be observed that a slight shift in the operating frequency of
the antenna occurs when different combinations of switches are turned ON and OFF.
In mode 1, the antenna operates at 10.605 GHz. While in modes 2, 3 and 6 it operates
at 10.675 GHz, 10.5 GHz and 10.4 GHz, respectively. This is due to change of the
overall impedance of the antenna when different parasitics are activated/de-activated,
as explained in Chapter 4. This also affects the impedance matching of the antenna.
For mode 1 |S11| = 11.4dB, while for modes 2, 3 and 6 |S11| = 17dB, 9.2dB and 9.73dB
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Figure 5.12: Scattering parameters (| S11 |) for modes 1, 2, 3 and 6 ; Simulation
respectively. Preserving the impedance matching while reconfiguring the polarisation
of an antenna is challenging. This is due to the significant difference in the input
impedance between LP and CP modes [52]. An external matching circuit could be
used to preserve the impedance matching, but this is often undesirable as it increases
size, cost and insertion loss.
There is good alignment between the 10 dB return loss bandwidth and the 3 dB AR
bandwidth (see Figure 5.12 and Figure 5.15). This alignment has been achieved by
optimising the Wn and Ln, the position of the switches on the parasitics, the spacing
between the driven element and the parasitics, and the position of the feed, as discussed
earlier. Furthermore, an acceptable agreement between the measured and simulated
AR can be seen in Figure 5.16. The measured 3 dB AR bandwidth is approximately
(10.79 - 10.59) GHz and the simulated is (10.786 - 10.638) GHz. In this case, the
measured 3 dB bandwidth is larger than the simulated one. The simulated fractional 3
dB bandwidth at 10.6 GHz is 1.4% and the measured fractional 3 dB bandwidth at 10.6
GHz is 1.89%. A difference of 0.5% between the measurement and the simulation can be
observed. The measurement of the antenna was carried out by feeding it using a feeding
cable which connected the antenna to the measurement system. The small ground
plane of the antenna can not approximate an infinite plane (ideal case in microstrip
patch antennas) well, causing the currents to flow back to the outer surface of the
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Figure 5.13: Radiation pattern for mode 6; Measurement against simulation (co- and
cross- polarisation pattern)
feeding cable, resulting in unwanted radiation. This causes discrepancies between the
simulated and measured performance of the antenna such as a decrease in the operating
bandwidth of the antenna.
5.2 Single-Notch Array Antenna
To realise a wide steering single-notch antenna, the single element proposed in Sec-
tion 5.1 has been arrayed to form a phased array antenna (Figure 5.17). Furthermore,
arraying the single-notch antenna increases the AR bandwidth. In this section a 1× 4
array antenna is proposed, which can reconfigure its polarisation between CP and LP.
When operating in the LP mode, the array antenna can steer its beam as described in
Chapter 4. Each element is fed via a coaxial connector. The location of the feed and
the size of the notches, was after arraying the radiating element. This was necessary in
order to optimise the AR bandwidth and its alignment with the impedance bandwidth.
The spacing used for this array is 0.95λ0 centre-to-centre (where λ0 is the free space
wavelength) similar to the array antenna presented in section 4.0.3. The total size of
the array antenna is (118 × 38) mm. The array antenna has five modes of operation
shown these are summarised in Table 5.4. The array antenna yields CP radiation when
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Figure 5.14: Radiation pattern for mode 3; Measurement against simulation (co- and
cross- polarisation pattern)
Figure 5.15: Axial ratio for mode 2.
operating in mode 2; CP radiation is only available at boresight. According to [44] there
are two ways to form a CP array antenna; i) arraying linearly polarised elements while
using an external polariser (feed network), ii) arraying circularly polarised radiating
elements. The second technique is simpler.
The element structure of the radiating elements within the array antenna, differ slightly
from that of the antenna discussed in section 5.1 as mentioned above; the new dimen-
sions are listed in Table 5.3. Parametric studies were performed in simulation in order
to optimise the array antenna and achieve an acceptable AR aligned with an acceptable
| S11 | for mode 2.
Figure 5.20 shows the AR for different values of Ln. In the study the parameter Ln was
varied in isolation, and all other parameters were kept constant. Similarly, Figure 5.21
shows the AR for different values of Wn. Again Wn was varied in isolation. Based
on this study the values of Ln and Wn were set to 0.6 mm and 0.4 mm respectively.
118 Chapter 5. Multiple Parameter Reconfigurable Microstrip Patch Antennas
Figure 5.16: A closer look on the axial ratio for mode 2; Measurement against simula-
tion.
Figure 5.17: (i) Structure of the microstrip patch array antenna; (ii) Close up of the
driven element.
Considering the inequality in Equation 5.6 the Ln of the notches need to be greater
than the Wn to achieve an acceptable AR.
The radiation property of the proposed array antenna when operated in mode 2 (CP),
can be described using the cavity model. It is well known that, when the feeding port
is positioned diagonally (at 45o) on a normal circular microstrip patch antenna, both
TM100 and TM010 will be excited at the same frequency [89]. The notches, introduced
in this design only affect TM100 mode. Therefore, by careful design of the notches, the
TM100 and TM010 modes can be made equal in magnitude and 90
o out of phase at the
operating frequency. Reconfiguration between LP (modes 1 and 3-5) and CP (mode
2) is achieved using switches within the notches. To yield LP radiation, both of the
switches in the notches should be turned ON simultaneously, in order to ensure that
the microstrip patch antenna is physically and electrically symmetrical as required to
excite the mode TM110 [52]. To yield CP radiation, both of the switches in the notches
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Figure 5.18: Photograph of the fabricated array antenna - Mode 4.
Figure 5.19: Photograph of the fabricated array antenna - Mode 2.
should be turned OFF simultaneously. Since the notches pertubs the current along the
length (Ln), because Ln > Wn, the excited x-directed (parallel to the orientation of
the length of the notch) surface current path is lengthened, while the exited y-directed
current (orthogonal to the orientation of the length of the notch and parallel to the
orientation of the width of the notch) is slightly affected. Hence the CP can be achieved
due to the combination of an almost unchanged TM110 mode with the resonance of
the notches (which essentially act as slots) in the orthogonal direction. Similarly, when
SW5 and SW6 are turned ON, the surface current will flow across the notches instead
of travelling around them. Consequently, there will be no phase difference between the
resonant modes [129]. The array antenna is able to steer the main beam away from
boresight when on LP, as mentioned before. The CP capability is not preserved when
the beam is steered away from boresigh. A general limitation of CP beam steerable
phased array antennas is the AR bandwidth which in most cases does not fully cover
the 10 dB return loss bandwidth. Furthermore, in CP beam steerable phased array
antennas, the AR degrades as the main beam is steered away from boresight [62].
The current distributions of the antenna at modes 2 and 1, for four different instants
(ωt = 0o, 45o, 90o, 135o) are shown in Figure 5.22 and Figure 5.23 respectively. At
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Table 5.3: Summarised dimensions of the structure of the multi-parameter reconfig-
urable array antenna.
Parameter Dimension (mm)
Xf 2.9
Rd 5.04
Rp 5
Dp 0.04λ
Xs 2.54
Ln 0.6
Wn 0.7
Table 5.4: Switching configurations of the proposed array antenna
Operating State
State of Switch
Mode
SW1 SW2 SW3 SW4 SW5 SW6
LP, Boresight ON ON ON ON ON ON 1
CP, Boresight ON ON ON ON OFF OFF 2
LP, max -ve steering angle 48o OFF ON ON OFF ON ON 3
LP, max +ve steering angle –48o ON OFF OFF ON ON ON 4
LP, Boresight OFF OFF OFF OFF ON ON 5
ωt = 0o the predominant current is along the horizontal axis on the periphery of the
driven element and it is oriented towards 0o and 180o with respect to the positive x-
axis. When the time instant is ωt = 45o, with phase lagging 45o with respect to the
earlier one, the principal current is along the vertical axis (the axis on which the feed is
positioned). It is oriented towards 90o and 270o with respect to the positive x-axis. The
magnetic current distribution at ωt = 90o is opposite to that at ωt = 0o. Similarly the
current distribution at ωt = 135o is perfectly opposite to that at ωt = 0o. When the
current distribution varies as a function of time in this way CP radiation is produced.
In other words, when an antenna is CP, the current maxima rotates around the driven
element and this rotation defines whether the antenna is right-hand or left-hand CP.
Although the rotation is not very clear from a static figure presented here, it can still
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Figure 5.20: Simulated axial ratio for different length of notches.
Figure 5.21: Simulated axial ratio for different width of notches.
be observed that, as expected, the surface current for mode 2 rotates anti-clockwise as
the state of the antenna changes from (i) to (iv) as seen in Figure 5.22 and produces
RHCP radiation. Similarly if the notches are positioned diagonally from the position
of the feed at 45o, LHCP will be produced. On the contrary, the current distributions
for mode 1 of the antenna does not rotate and remains symmetrical with respect to the
feed line for any antenna state (from (i) to (iv) as seen in Figure 5.23).
The proposed antenna has the advantage of not requiring an external polariser in order
to achieve mode 2 which simplifies the whole structure along with the feed network
of the antenna. However, it has a narrowband performance (FBW ≈ 1.4% which is,
in general, the main drawback of single-fed techniques; typically they have a FBW
of 1% – 2% [69]. This might limits their practical applications. For example satellite
communications usually require wide-band antennas. This work focuses on cellular
communications. According to [85], one of the candidate bands to be allocated for 5G
cellular communications in the UK is 10.55 GHz - 10.6 GHz where a FBW of 0.47% is
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Figure 5.22: Current distribution on the antenna for mode 2 (CP) at 10.6 GHz for four
different time instants (i)ωt = 0o, (ii)ωt = 45o, (iii) ωt = 90o and (iv) ωt = 135o.
Figure 5.23: Current distribution on the antenna at mode 1 (LP) at 10.6 GHz for four
different time instants (i) ωt = 0o, (ii) ωt = 45o, (iii) ωt = 90o and (iv) ωt = 135o.
required. Hence 1.4% FBW is acceptable for some cellular communication applications.
Bandwidth can, in any case, be improved by increasing the volume of the antenna
(for example making it into a multi-layer structure). However, this is not ideal for
applications where compact antennas are required. Furthermore, a disadvantage that
this design has is that the CP capability of the antenna is not preserved for steered
angles away from boresight. When different parasitics or different pairs of parasitics
are turned ON, in order to reconfigure the main beam, the current distribution on
the antenna changes, which therefore also changes its polarisation. Additionally, as
parasitics are switched ON and OFF, as explained later the impedance of the antenna
changes which changes its resonant frequency. It is then challenging to preserve the
AR at the operating frequency of the antenna since it changes as the antenna changes
its mode of operation. In other words, as we reconfigure the beam of the antenna, its
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resonant frequency changes and hence frequency reconfiguration of the AR is necessary,
in order to keep a good alignment between the 3 dB AR bandwidth and the 10 dB
return loss bandwidth. In order to keep the AR below 3 dB for any scan angle, a more
complicated mechanism is required.
Figure 5.24: Simulated and measured axial ratio when the array antenna operates at
mode 2; with and without feed network.
Figure 5.24 shows the simulated AR of mode 2 of the array antenna while Figure 5.25
shows the return loss of the array antenna. It is necessary for a good CP operation
of the antenna that the AR bandwidth is less than 3 dB within the 10 dB return loss
bandwidth. Figure 5.24 and Figure 5.25 show that the AR is less than 3 dB across the
10 dB return loss impedance bandwidth. When operating in mode 2, the bandwidth
of the array antenna is 0.475 GHz and the fractional bandwidth of the array antenna
is 4.48 %. It is known that, usually, single feed CP antennas are narrow band ((1 – 2)%
of fractional bandwidth), as mentioned before. Although the proposed array antenna
uses a single feed, its fractional bandwidth exceeds the typical fractional bandwidth
of a single-feed CP antenna. The bandwidth of the array antenna taking into account
all operational modes (i.e. the intersection of the 10 dB return loss bandwidth of LP
boresight, LP steered and CP boresight) is 0.333 GHz and the fractional bandwidth
is 3.15%, which again exceeds the fractional bandwidth of a typical single-feed CP
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Figure 5.25: Simulated and measured scattering parameters (| S11 |) for different oper-
ation modes of the antenna.
narrow band antenna. Furthermore, although the impedance matching of the array
antenna varies when changing from LP mode to CP, the return loss is less than 10 dB
for both modes at the resonant frequency (10.6 GHz). The radiation patterns of the
array antenna for all modes of operations are plotted in Figure 5.26, Figure 5.27 and
Figure 5.28. The steering range of the array is ±48o with SLL of below 10 dB for angles
between 6o – 48o and SLL of below 9 dB for angles between 0 – 5o.
Figure 5.27 and Figure 5.28 also show the simulated and measured cross-polar radiation
results. Both measured and simulated results show that the peak of the cross-polar
radiation pattern is 15 dB below of the that of the co-polar radiation pattern. This
shows that only 3.16% of the total power radiated by the antenna is leaked to the
H=plane cross-polar radiation of the antenna.
The proposed array antenna shows no main beam gain drop at any steered angle com-
pared to when the main beam is at boresight as shown in Figure 5.29. Similar to the
array antenna presented in Section 4.0.3, a positive scan loss can be observed when
the array antenna operates in modes 3 and 4. The gain of the antenna at boresight
is 13.7 dB and the gain of the antenna at the maximum steering angle 48o is 14 dB.
The gain increase is 0.3 dB. When the beam of a conventional phased array antenna is
steered away from boresight, its gain drops. This phenomenon is due to the fact that
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Figure 5.26: Simulated and measured radiation patterns (co- and cross- polarisation)
for Mode 2; with and without feed network.
the beam reconfiguration of the proposed antenna is done by controlling the element of
the antenna (presented in Section 5.1) and the array factor of the antenna (by applying
the phase shifters) simultaneously. The peak gain of the antenna is 15.7 dB, at 26o,
as seen in Figure 5.29, which is approximately equal to the maximum steering angle of
the radiating element of the array antenna. The maximum gain of the array antenna
for modes 3 and 4 is observed approximately at the main beam steering angle of the
radiating element. The radiation pattern of the single radiating element of the array
controls the overall radiation pattern of the array antenna since the overall radiation
pattern of the array antenna is the result of the superposition of the element pattern
(pattern of the radiating element) and the array factor (phased array). Conventionally,
the power amplitude applied to each element of a phased array antenna is constant.
Therefore, the overall power amplitude of the array antenna when its main beam is
steered away from boresight is controlled from the amplitude of the signal applied to
each of the antenna elements of the phased array antenna. For the proposed single-
notch array antenna unless a non-equal amplitude array factor is applied between its
radiating elements, the amplitude of the signal applied to the elements from the array
factor is constant for all steering angles and hence the gain of the main beam of the
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Figure 5.27: Simulated and measured radiation patterns (co- and cross- polarisation)
for Mode 5; with and without feed network.
array is mostly defined from the pattern factor the antenna. In conventional phased
array antennas, as the main beam produced from the array factor is moved away from
boresight, the gain of the main beam of the array decreases because the gain of the
element of the antenna remains constant. In the proposed array, a non equal ampli-
tude element factor is applied from the parasitics. When different pairs of parasitics
are switches ON and OFF, the amplitudes applied from them to the driven element
vary as shown in Section 4.0.3. Generally, non equal amplitude techniques improve the
directivity of an antenna and decrease the SLL. It is important to note that the SLL of
the single-notch array antenna can be further reduced by also appling a non-equal am-
plitude array factor (i.e. binomial array). However, its steering range will not increase
because its steering range is limited from grating lobes.
5.3 Dual-Notch Antenna
One of the main challenges that antenna engineers face when designing beam and po-
larisation reconfigurable antennas is attaining CP and preserving it while reconfiguring
the antenna’s main beam direction. This section, aims to give a solution to this chal-
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Figure 5.28: Simulated and measured radiation patterns (co- and cross- polarisation)
for Mode 4; with and without feed network.
lenge. So far two antenna designs have been presented in this chapter, a beam and
polarisation reconfigurable single element antenna and an arrayed version of it. None
of the aforementioned antenna designs was able to preserve CP for steered angles. Pre-
serving CP has been especially challenging in the presented designs, where parasitics
are used for beam reconfigurability, since this affects the resonant frequency of the an-
tenna making it challenging to attain a good alignment between the 10 dB return loss
bandwidth and the 3 dB AR of the antenna while switching ON and OFF different
pairs of parasitics.
A dual-notch antenna is proposed here and can be seen in Figure 5.30, which aims to
improve the single element design which was presented in Section 5.1. The improvement
in the design lies in the fact that CP can be preserved for some steering angles. The
dual-notch antenna is fed by using a coaxial feeding connector. Similar to the original
antenna design, presented in Section 5.1, the notches are located on a line oriented at
an angle of 45o with respect to the location of the feed. The antenna is designed for left-
hand CP (LHCP) operation. The right-hand CP (RHCP) operation can also be excited
by simply mirroring the position of the dual-notches with respect to the feed-location.
Figure 5.30 shows the structure of the proposed antenna. Appropriate switching of
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Figure 5.29: Simulated main lobe gain for different steering angles of the antenna for
modes 2 and 3 - Scan Loss.
the parasitic elements controls the direction of the main beam of the antenna both in
LP and CP mode, while appropriate design of the dual-notches controls the circular
polarisation capability of the antenna. Some of the modes of operation of the antenna
can be found in Table 5.5. Switches, positioned on the driven element, control the
reconfiguration of the antenna between LP and CP. It is important to note that for
the simulation and measurement results, presented in Figure 5.32 and in Figure 5.33
copper switches are used; when copper is present the switch is ON when copper is not
present the switch is OFF.
Similar to the single-notch antenna, presented in Section 5.1, the size of the notches
control the circular polarisation operation of the antenna. Acceptable AR can be
achieved when the ratio between the length and the width of the notches is large as
was discussed in Section 5.1. The size of the notches of the dual-notch single element
can be determined using Equation 5.6; meaning that the width of the notches (Wn)
is chosen to be smaller than the length of the notches (Ln). As it can be seen in
Figure 5.30 all four notches are equal in size. Furthermore, the notches are positioned
0.5 mm apart from one other. The spacing of the notches can be as small as 0.1
mm without it severely affecting the AR of the antenna. However, there is an upper
limit to the values that the spacing k can take. According to a parametric study,
that was done in this work, it was found that the spacing between the two notches
can be up to 1.5 mm in order to keep the AR below 3 dB. Most of the dimensions
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of the dual-notch antenna are the same as those of single-notch antenna and follow
the dimensions shown in Table 5.1. However, the addition of two more notches on the
driven element created the need for re-optimising some parameters; namely the width
and length of the notches and the position of the feed. The new dimensions of the
parameters that changed can be found in Table 5.6. The position of the feed changed
because the addition of the notches changed the return loss performance of the antenna.
Furthermore, the operating frequency of the antenna also changes slightly. Hence, it
was necessary to change the position of the feed accordingly in order for the antenna
to be matched again at 50 Ω at its operating frequency. However, as explained in
Section 4.0.1 and Section 5.1, the feed must not be placed in the centre of the antenna
but in a position where the impedance of the antenna is 50 Ω; this is at any (0, y) point
on the driven element taking (0, 0) to be the centre of the driven patch of the antenna.
Figure 5.30: Structure of the proposed dual-notch single element antenna with a close
up at the driven element and the notches.
Table 5.5: Switching configurations of the dual-slot single element antenna.
Operating State
State of Switch
Mode
SW1 SW2 SW3 SW4 SW5 SW6 SW7 SW8
LP, Boresight ON ON ON ON ON ON ON ON 1
CP, –10o ON OFF OFF ON OFF OFF OFF OFF 2
CP, 10o OFF ON ON OFF OFF OFF OFF OFF 3
LP, 19o OFF ON ON OFF ON ON ON ON 4
LP, –19o ON OFF OFF ON ON ON ON ON 5
LP, Boresight OFF OFF OFF OFF ON ON ON ON 6
LP, 4o OFF OFF ON OFF ON ON ON ON 7
The basic difference between the dual-notch antenna design and the single-notch an-
tenna design is that two equivalent notches are positioned along its radiating edge
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Figure 5.31: Photograph of the fabricated dual-notch antenna.
Table 5.6: Summarised dimensions of the structure of the multi-parameter reconfig-
urable antenna element
Parameter Dimension (mm)
Xf 2.5
Ln 2
Wn 1.15
instead of just one. The dual-notches introduce further asymmetry in the diagonal
plane of the circular patch which increases the AR bandwidth of the antenna, while
also increasing the range of steered angles over which a 3 dB AR is preserved. The in-
troduction of the second notch causes an increase in the current path length compared
to the case when only one notch is incorporated into the patch. Due to this longer
current path the current is rotated resulting in CP radiation. The additional increment
in the current path length is due to the movement of the current around the notches.
It is important to note that increasing the width of the gap between the two notches
does not have considerable affect the current path length.
Similar to the single-notch antenna, it is important to achieve good alignment between
the 3 dB AR bandwidth and the 10 dB return loss bandwidth. Figure 5.32 shows
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the scattering parameters (S11) of the antenna when the antenna operates in mode
2. It can be seen that the antenna is acceptably matched (| S11 |< –10dB) both in
simulation and measurement and that there is acceptable agreement between simula-
tion and measurement. Figure 5.32 shows that the operating frequency of the antenna
has been shifted in comparison to the antenna presented in Section 5.1. The oper-
ating frequency is now 10.3 GHz. This shift is a result of the addition of two more
notches in the design, in comparison to the design, discussed in Section 5.1. From the
scattering parameters it can be observed that the measurement has a better return
loss at 10.3 GHz, in comparison to the simulation. The scattering parameter results
shown in Figure 5.32 also show that the 10 GHz bandwidth of the antenna is slightly
reduced when the antenna is fabricated and measured compared to the simulated one.
The simulated 10 dB return loss bandwidth of the antenna is approximately 0.68 GHz
(6.6% fractional bandwidth) whereas the measured one is approximately 10.65 GHz
(6.3% fractional bandwidth). This may be attributed to the fact that the fabricated
version of the antenna featured some etching errors such as pitting in the copper on
the: ground plane, the driven element, and parasitics. This means that copper was
not consisted throughout the ground plane and the patch antenna itself. Copper tape
was used to cover, as best as possible, the pitting on the copper. This also affects the
current distribution of the antenna which controls the general operation of it. Soldering
and soldering bumps are also very important when fabricating an antenna especially
at high frequencies (such as 10.4 GHz). The soldering of all the antennas was done
by the PhD student which means that soldering bumps are not consistent throughout
which again affects the performance of the antenna including the impedance matching.
Figure 5.33 shows the simulated and measured AR, when the antenna operates in mode
2, as a function of frequency. The simulated 3 dB AR bandwidth is 0.39 GHz (3.79%
fractional bandwidth) and the measured 3 dB AR bandwidth is 0.265 GHz (2.57%
fractional bandwidth). The measured 3 dB AR is hence reduced in comparison to the
simulated one. This might again be due to the pitting in the copper on the: ground
plane, the driven element and parasitics. Regardless of this, the measurement confirms
the CP capability of the antenna while at the steered angle of –10o against a range
of frequencies. Figure 5.34 shows the simulated AR of the antenna when operating at
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mode 2 and at the resonant frequency, 10.3 GHz. It can be observed that the antenna
is CP for a range of steering angles at 10.3 GHz. More specifically, the AR is less than
3 dB from –55o up to 38o. This shows that the antenna is CP for several steering angles.
Figure 5.32: Scattering parameters (S11) when the antenna operates at mode 2; simu-
lation against measurement.
Figure 5.33: Axial ratio of the antenna against frequency when the antenna operates
at mode 2; simulation against measurement.
Figure 5.35 and Figure 5.36 show the radiation pattern when the antenna operates
in mode 1 and 2 respectively. It can be observed that there is acceptable agreement
between measurement and simulation. Measurement differs from simulation in the back
lobe direction, because the presence of cables always affect the radiation performance of
an antenna. Current on the ground plane can leak to the cable and because the cable is
much longer than the ground the cable becomes a radiator by itself. Figure 5.37, shows
the simulated radiation patterns for two more modes of the antenna. It can be observed
that the steering performance of the antenna is limited (±19o). This is because the dual
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Figure 5.34: Axial ratio of the antenna against angle when the antenna operates at
mode 2 at 10.3 GHz; simulation.
Figure 5.35: Radiation pattern when the antenna operates at mode 1; Measurement
against simulation
slot antenna operates at 10.3 GHz, while its parameters (position of switches, spacing
between parasitics and driven element, size of parasitics) are optimised for 10.6 GHz.
If the antenna is optimised at 10.3 GHz then its steering performance will increase
notably. The focus of this section is the CP capability of the antenna.
5.4 Summary
This chapter presents a multiple parameter reconfigurable antenna which can recon-
figures its beam towards different directions and its polarisation between circular and
linear. The chapter discusses the functionality of the antenna and shows its design
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Figure 5.36: Radiation pattern when the antenna operates at mode 2; Measurement
against simulation
Figure 5.37: Radiation pattern when the antenna operates at mode 5 and 7; Simulation
procedure. It also discusses the challenges that the design of these type of antennas
have and the limitations of the proposed design. When designing a circularly polarised
antenna, is it important to get an alignmnet between the 10 dB return loss bandwidth
and the 3 dB axial ratio bandwidth. This alignment is challenging. Furthermore, recon-
figuring between linear and circular polarisation while maintaining a good impedance
matching of the antenna is challenging since the impedance of the antenna changes as
its polarisation changes. Reconfiguration of the beam towards different steering angles
while reconfiguring between circular and linear polarisation is another challenging task
especially when parasitics steering is involved. Switching ON and OFF between differ-
ent parasitics, affects the input impedance of the antenna which affects its operating
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frequency. Hence, this makes the alignment between the 10 dB return loss bandwidth
and the 3 dB axial ratio bandwidth challenging. Generally, reconfiguring the polarisa-
tion while steering the beam towards different angles and while maintaining high main
beam gain, acceptable impedance matching, low side lobe level and good alignment
between the 10 dB return loss bandwidth and the 3 dB axial ratio is challenging. A
multi-reconfigurable array antenna is also presented which aims to increase the steer-
ing range of the aforementioned single element antenna. Lastly, an antenna which can
reconfigure its beam while preserving circular polarisation is proposed. Challenges of
the design are discussed together with challenges involved in circularly polarised an-
tennas that use a single feed and truncations. Measurements and simulations are also
presented. All the designs operate at 10.6 GHz.
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Chapter 6
Conclusion
In this PhD thesis we have studied electronically steerable array antennas and more
specifically phased array antennas, together with a range of related topics. The thesis
focuses primarily on four element phased array antennas for applications within mobile
phone handsets and other similar portable devices. Leading on from this, other topics
including parasitic steering, circular polarisation and polarisation reconfiguration were
investigated. Several antenna prototypes were built and measured for this work. This
chapter aims to summarise the different investigations. It also aims to give an overview
of the challenges that were faced and acknowledge areas of improvement. Following
this, recommendations and suggestions for further work are given.
6.0.1 Summary of the Thesis
High data rates and large capacity are two of the main requirements for future wireless
communications. Wide bandwidth is probably the most straightforward method to pro-
vision for these demands. The largely unexploited bandwidths make high frequencies
attractive for high data rate communication applications. Narrow-beam antennas are
necessary to compensate for the severe attenuation millimetre wave frequencies. Beam-
steering and beamforming are to support user mobility even in non-line-of-sight (NLOS)
scenarios where the direct link between a transmitter and a receiver is blocked by ob-
stacles. Phased array antennas are capable of providing a directional beam that can
be electronically steered, can significantly enhance the performance of communications
systems. Despite the broad range of potential applications for phased array antennas
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based on microstrip patched can be employed they currently can not be widely deployed
in commercial wireless communication systems. The high cost, complexity and power
losses (especially in millimetre wave frequencies as it has been discussed in this thesis),
the limited steering range (when a only a few antenna elements are employed) together
with scan loss, is the primary impediment to their deployment in commercial applica-
tions. Thus, any reduction in the required number of antenna elements in microstrip
patch phased array antennas or any increase in their steering range and simultaneous
reduction in scan loss while keeping the number of elements used relatively small will
facilitate their much wider use. This thesis presents a new approach to the design of
phased array antennas which increases the steering range in comparison to conventional
phased array antennas, while using four antenna elements and four phase shifters.
Apart from directive and beam steerable antennas, circularly polarised antennas are
also very attractive for future wireless communications. Circular polarisation can be
used to mitigate for polarisation mismatch due to multipath. Furthermore, when cir-
cular polarisation is employed it is no longer necessary to ensure perfect alignment
between the polarisation of the transmit and receive antenna. Apart from beam recon-
figurability, polarisation reconfigurability also represents an attractive feature for future
wireless communications. In mobile communications the use of antennas with circular
polarisation is important for reducing multipath fading loss. Reconfigurability between
linear and circular polarisation adds versatility to an antennas. Linear polarisation can
be used in cases where there is line-of-sight between the transmit and receive antenna.
Circular polarisation can be used in cases where there is no line of sight between the
transmitter and the receiver and the propagation environment suffers severe multipath.
Single feed circularly polarised antennas suffer from narrow operating bandwidth which
limits their applications. Dual-feed circularly polarised antennas are however complex
since they require complicated feed networks. They are also less compact than the
single-feed circularly polarised antennas. Furthermore, it is challenging to reconfigure
the polarisation while reconfiguring the main beam of an antenna towards different
directions. This thesis presents antenna designs that can reconfigure their polarisation
and are able to steer their beam towards different directions. Furthermore, an antenna
which can recofnigure its beam towards different directions while preservice ciruclar
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polarisation for a range of steering angles is also presented.
The thesis has addressed research questions such as: i) Can wide beam steering be
achieved using phased array antennas? ii) Can scan loss be reduced when a phased array
antenna is used to steer its beam away from boresight? iii) Can circular polarisation
be employed while achieving high gain and beam reconfiguration? The thesis presents
novel antenna designs that aim to contribute as solutions to the research questions.
The novelty of this work comes from the way that beam steering at the pattern and
array factor has been applied to the phased array antenna. This work proves that the
steering technique pattern plus array factor steering yields wider steering range and
lower scan loss in comparison with conventional phased array antennas. Novelty also
comes from the way that the aforementioned steering technique is use in combination
with polarisation reconfiguration.
Several challenges have been faced while designing and developing the presented an-
tennas. All fabrication and measurement were done internally by us, nothing was sent
to external companies. Assembling the array antennas with the feed networks and at-
taining an acceptable agreement between simulation and measurement was challenging
due to fabrication tolerances. Solder thickness variations can have an affect on the per-
formance of antennas operating at millimetre wave frequencies. Fine interconnections
of the switches in the array antennas and the vias was essential. Furthermore, in some
cases, the metal used to make the radiating element has some discrepancies from the
simulation due to the PCB fabrication process. The same problem appeared on the
ground plane of the antennas. This affects the current distribution on the antennas and
hence the performance. Furthermore, setting the transmission line lengths at the out-
puts of the feed network has been time consuming and challenging since these lengths
are very sensitive to phase shifts at high frequencies. Consider now the antenna oper-
ating with circular polarisation; achieving good alignment between the return loss and
the axial ratio bandwidths has also been very challenging due to the fact that switch-
ing between the parasitics changes the resonant frequency and hence the return loss
bandwidth of the antenna. A circularly polarised solution that does not use parasitics
to reconfigure its beam would have been a better option to use here. Also, the size
of the notches is critical in order to achieve a good axial ratio while keeping the an-
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tenna acceptably matched. This was a challenging task. Generally, understanding how
the parasitics affect the performance of the antenna and getting a deep understanding
about the functionality of the designs was challenging.
Regardless of the challenges of this thesis, all initial research questions have been an-
swered. Novel antenna solutions have been proposed to serve as solutions to the research
gaps identified. Of course, there are always trade offs involved when designing an an-
tenna. A trade off of the proposed array antennas is the use of many switches which
makes the structure more complicated than the conventional phased array antenna.
Hence, the improved steering performance comes at the expense of greater complexity.
Furthermore, a limitations that the circularly polarised antennas have is the fact that
they are not well-matched at all operating states. Further improvements and enhance-
ments that can be done on the antenna designs will be discussed in the following section
which discusses recommendations for future work.
6.1 Future Work
A possible direction that this work can take in the future is fabrication of the antennas
using real switches and phase shifters. Fabricating the whole antenna, including a feed
network, phase shifters, and power amplifiers at 26 GHz would give more insight in
terms of the practicality of realising the proposed design at millimetre wave frequencies.
Furthermore, it would be interesting to see how the proposed antennas perform when
integrated to a portable device and how their performance is affected by the interaction
with the user. Increasing the steering range of the array antennas to be close to ±90o
would also be very beneficial especially for portable devices. Ideally, the steering range
of an antenna aimed to be used in a portable device should be as close to ±90o as
possible. Further investigation of widening the steering range of the proposed antennas
is possible. Finding an alternative to phase shifters without degrading the performance
of the antenna would also be very beneficial especially as a way of reducing the cost
and losses with the antennas. An alternative could be varactors, where a change in
their voltage can potentially change the beam direction of the antenna. The use of
more advanced feed network designs can also improve the performance of the antennas.
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For instance, adding feed networks that comprise variable gain amplifiers will allow
control over the amplitude of the input signal on the elements on the array antennas
which will improve the side lobe level of the antennas further. This will however not
improve the steering range of the antennas since currently the steering range is limited
by grating lobes. Finding ways to suppress grating lobes will also improve the array
antennas’ performance. This can be done if the spacing used between the elements of
the proposed array antennas is reduced.
An important challenge is the presence of hard wire switches. Currently, the pattern
factor of the novel phased array antennas, is controlled by means of hard wired switches.
Switches add complexity and increase the cost and losses of an antenna. An alternative
technique (which does not use switches) would be beneficial to use since it will lower
the complexity of the array antennas significantly.
A second challenge was that the impedance matching of the polarisation reconfigurable
antennas was not preserved. A variable impedance matching feed network can be used
to tackle that. However. variable impedance matching feed networks are complicated
and usually they are not compact; making them unsuitable for applicaitons like portable
devices.
A third challenge that can be further investigated is devising a way to preserve circular
polarisation, throughout the entire steering range of the proposed, polarisation reconfig-
urable array antenna. One of the proposed antennas does preserve circular polarisation
but it does not cover a wide steering range. Increasing the steering range at which
circular polarisation is possible would make the antenna more versatile. Furthermore,
addressing the preservation of circular polarisation on the proposed array antenna is
also a challenge which can be further investigated. This issue has already undergone
preliminary investigation where a potential solution has been identified. The potential
solution has been verified through simulation. Preliminary simulation results show that
in the case of an array antenna, circular polarisation can be preserved for a number
of steering angles. The limitation that a circularly polarised array antenna has, is the
fact that, circular polarisation can be achieved only when a 90o phase shift is applied
between the elements of the array. This means that circular polarisation is available
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only for certain steering angles.
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